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ABSTRACT 
The dispersability of graphitic carbon black (Monarch 1000) selected as a model for 
carbon nanotubes has been investigated in aqueous and non aqueous media using 
rheological, conductivity measurements and atomic force microscopy. The 
effectiveness of eight dispersants used for water was investigated namely 
polyethylene oxide polypropylene oxide ABA copolymers (PE/F 103 with 2x16 
ethylene oxide units and PE/F 108 with 2x148 ethylene oxide units), Triton X100 and 
Triton X405 which contains an alkyl (octyl) phenol group with 10 and 40 ethylene 
oxide groups attached respectively, Lugalvan BNO12 which is a Naphthol Ethoxylate 
with 12 ethylene oxide units, sodium dodecylsulfate (SDS) an anionic surfactant with 
a tail of 12 carbon atoms and sulphate group attached to the tail and Sodium 
dedecylbenzenesulfonate (SDBS) which contains benzene ring in its anchoring group 
and NPE1800 (nonyl phenyl polypropylene oxide-polyethylene oxide with 27 
ethylene oxide units). While for non polar organic solvents three dispersants namely 
polyhydroxystearic acid (Hypermer LP1), PEG 30-dipolyhydroxystearic acid 
(Hypermer B246) and polyisobutylene succinimide (OLOA 11000) were used. 
Hypermer LP1 is homopolymer and Hypermer B246 is polyhydroxystearic 
acid/polyethylene oxide/polyhydroxystearic acid ABA block copolymer while OLOA 
11000 has polar head group (polyamine) attached to a hydrocarbon chain 
(polyisobutylene). Two non polar organic solvents decalin and xylene were selected. 
Decalin is aliphatic in nature while xylene is aromatic and it was observed that 
dispersing carbon black in xylene was relatively easy but there was not much 
difference in results for either media, which showed that the role of aromaticity of 
medium in dispersing graphitic carbon black is not significant. Adsorption isotherms 
of all dispersants were studied. The adsorption isotherms of PE/F 103 in comparison 
with PE/F 108 and Triton X100 in comparison with Triton X405 revealed that in 
molar terms the adsorption decreases with increasing number of ethylene oxide units 
indicating that adsorption is governed by the size of PEO (polyethylene oxide) chain 
length. Triton X100, Triton X405, Lugalvan BNO12 and NPE 1800 contain aromatic 
rings in their anchor group and adsorbed more strongly and proved to be much more 
efficient stabilizers. SDBS also showed higher adsorption than SDS due to п-п 
interaction with the graphitic carbon black. In non aqueous media, adsorption is a 
minimum in molar terms for homopolymer Hypermer LP1 as compared to other 
polymers. As the whole polymer molecule has affinity to adsorb onto the surface and 
by consequence the whole molecule may lay flat onto the surface giving smaller 
adsorption amounts. While Hypermer B246 and OLOA 11000 both dispersants 
consist of an anchoring group which strongly adsorbs on the surface and stabilising 
chain which has good solubility in the solvent and extends sufficiently in the solvent 
to import stability.  
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The relative viscosity-effective volume fraction Φ´
 
curves were compared with the 
theoretical curves for the hard sphere dispersions calculated using Krieger-Dougherty 
equation and showed that Triton X100, Triton X405, Lugalvan BNO12, NPE 1800, 
SDS and SDBS dispersions could be prepared at much higher solid fraction than those 
dispersions stabilized by PE/F 103 and PE/F 108. The results indicate that the 
presence of aromatic groups in the hydrophobic group and sufficient number of 
ethylene oxide units in adsorbed layer of the surfactants is desirable in producing the 
stable dispersions for these graphitic carbon black dispersions and would be sensible 
choices in stabilising carbon nanotubes. In non aqueous media, Hypermer LP1 did not 
show good agreement with the Krieger-Dougherty equation; the viscosities were all 
slightly higher than that predicted by that equation. The other two dispersants 
Hypermer B246 and OLOA 11000 proved to be good stabilizers for crystalline 
graphitic carbon black as they made dispersions of lower viscosities. That means 
homopolymer Hypermer LP1 may be more suitable for polar particles but not 
effective for hydrophobic surfaces. For hydrophobic surfaces a dispersant with block 
copolymer structure is required rather than homopolymer. Oscillatory shear 
measurements showed high values of storage and loss modulus at high volume 
fractions indicating strong repulsive interactions between the carbon black particles. 
The effectiveness of all dispersants was investigated by measuring the electrical 
conductivity measurements of carbon black dispersions prepared by using polymers at 
their optimum concentrations. PE series and Hypermer LP1 produced flocculated 
dispersions of much higher electrical conductivity as compared to other polymers 
which might be due to less number of ethylene oxide units in adsorbed layer. The 
performance of polymers was also measured by atomic force microscopy which is a 
characterizing technique to evaluate the effectiveness of polymers by measuring the 
interaction forces (attractive or repulsive forces) between particles in the presence and 
in the absence of polymers. Spherical glassy carbon black (2-12 micron size) was 
used to model Monarch 1000 because a larger size carbon black particle was required 
in AFM and similar results were observed except PE/F 108. PE/F 108 showed 
repulsive forces on approach and separation which indicated it an effective stabilizer 
which was a contradiction with rheology and conductivity experiments. However 
PE/F 103 and Hypermer LP1 showed an attraction on approach and separation. 
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CHAPTER 1 
INTRODUCTION 
An introduction to the study conducted and objectives of the project are given in this 
section. The importance of making dispersions of graphitic carbon black using 
different polymers/dispersants, stable over longer period of time is also described. A 
description of all chapters involved in this Thesis is also outlined.  
1.1   General Introduction 
A colloidal material is one which has at least one of its dimensions in the range of 1-
1000 nm. In the manufacturing of products like cosmetics, ceramics, printing ink, 
bituminous road paving,  paints, detergents, pesticides, pharmaceuticals, food (milk, 
ice cream, mayonnaise) etc, colloidal science plays an important role. The dispersed 
colloidal phase may be of solid-liquid or gas and the phase in which it is dispersed can 
also be solid-liquid or gas. The solid-liquid dispersions are of particular interest in our 
study. Table 1.1 tell us about different colloidal systems [1]. 
Table 1.1: Colloidal Systems 
Disperse Phase Dispersion 
Medium 
Class Example 
Liquid Gas Liquid Aerosol Fog, mist, aerosol sprays 
Solid Gas Solid Aerosol Industrial smoke 
Gas Liquid Foam Fire-extinguisher, foam, 
froths 
Liquid Liquid Emulsion Milk, butter, mayonnaise, 
some creams 
Solid Liquid Sol, Colloidal Suspension Ink, coating 
Gas Solid Solid Foam Insulating foam 
Liquid Solid Solid Emulsion Ice cream 
Solid Solid Solid Suspension Stained glass, pearl 
Micelles Liquid Association Colloids Soap, detergents in water 
Polymers Liquid Gels Jellies, glue 
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In order to make concentrated dispersions, the forces responsible for the instability of 
dispersions/suspensions and cause the particles to be aggregated must be overcome. 
These intermolecular attractive forces, called van der Waals forces, are weak long-
range interaction forces and arise by permanent dipole-permanent dipole orientation 
force (Keesom force), permanent dipole-induced dipole interaction force (Debye 
force) and Dispersion or London force. 
The techniques employed for making the stable dispersions depend, to some extent, 
upon the nature of the continuous phase of the system. The attractive van der Waals 
forces in aqueous suspensions may be overcome by electrostatic forces, caused by the 
electrical double layer surrounding the solid particles which carry an electric charge in 
aqueous media. The surface groups, which depend upon the surface of solid/particle 
and pH of the system, become ionized and result in the surface becoming either 
positively, or negatively, charged. Insufficient surface charge results in the double 
layer repulsive force being unable to overcome van der Waals forces and leads to an 
unstable dispersion. The surface charge may also be modified by ion adsorption from 
the solution to the surface, depending upon the pH of the solution and the electrolyte 
concentration. 
The adsorption of polymers to the surface can also be used to prevent the particles 
being attracted to each other. The thickness of the polymer around the particle should 
be sufficient to overcome the van der Waals forces. These steric forces are produced 
due to entropic and enthalpic effects, influenced by the continuous phase of the 
system and the polymer attraction towards the solid surface. 
The making of stable solid-liquid dispersions using polymers has been of keen interest 
to researchers because of diverse applications in, for example, the paint and ink 
industry, cosmetics, pharmaceuticals and agricultural industry [2-4]. Nonionic 
dispersants are less sensitive to the electrolyte concentration and work equally well in 
aqueous and non aqueous media. Moreover they are less toxic and the effectiveness of 
these dispersants is extended to high solid loadings of the dispersions. 
Among the wide range of dispersants available, six non-ionic dispersants 
polyethoxylated PE/F 103 and PE/F 108, octyl phenyl Triton X100 and Triton X405, 
nonyl phenyl polypropylene oxide-polyethylene oxide NPE1800, Naphthol 
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Ethoxylate Lugalvan BNO12 and two ionic dispersants sodium dodecylsulfate (SDS) 
and sodium dodecylbenzenesulfonate (SDBS) have been selected for use in an 
aqueous medium and three non-ionic dispersants polyhydroxystearic acid, Hypermer 
LP1; PEG 30 polyhydroxystearic acid, Hypermer B246; and polyisobutylene 
succinimide, OLOA 11000, were selected for use in non aqueous media. In the case 
of polymeric dispersants, selection depends upon not only on the affinity of the 
dispersant for particles but also its affinity for the medium, aqueous or non aqueous. 
A dispersant should adsorb strongly to the particle surface and extend sufficiently far 
into the solvent to prevent the particles approaching close enough. Thus the 
dispersants were studied in relation to these criteria. 
In a previous study Miano et al [5, 6] have investigated the dispersion of a non 
graphitic, amorphous carbon black in water by three classes of dispersant; ABA 
polyethylene oxide-polypropylene oxide-polyethylene oxide; nonyl phenol 
ethoxylates and a novel nonylphenol-polypropylene oxide-polyethylene oxide 
dispersant. It was found that the later was the best dispersant (although the nonyl 
phenol ethoxylates dispersants were almost as good) and both were considerably 
better than the ABA polyethylene oxide-polypropylene oxide-polyethylene oxide 
PPO-PEO polymers. 
In this study we extend the Miano work to a graphitic carbon black (Monarch 1000). 
In this study, nano scale graphitic carbon black has been selected as a model for 
carbon nanotubes for investigation, as carbon nanotubes are carcinogenic and may 
have similar safety concerns as asbestos, therefore working with carbon nanotubes is 
much more difficult. Nanostructures of carbon, especially carbon nanotubes, 
fullerene, graphene and graphitic carbon has attracted considerable research in recent 
times because of their potential applications in engineering and materials science [7-
8]. Like carbon nanotubes, graphitic carbon black has largely a uniform surface 
composed of aromatic rings because of its crystallanity. Graphitic carbon does not 
react with the environment as it is chemically inert and stable. Also graphitic carbon 
black particles, like carbon nanotubes, have a tendency of packing themselves and 
settling after some period. So keeping them dispersed in any medium using polymers 
for longer periods is of keen interest and similar polymers should also work for 
carbon nanotubes. Carbon nanotubes are nanometer scale wires benefiting mankind in 
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many ways and hopefully in the future as well, because of their extraordinary 
mechanical, electrical, optical and thermal properties [9-10]. Carbon nanotubes pack 
themselves into ropes which further aggregate and this aggregation is an obstacle to 
most applications [11]. Also carbon nanotubes are not easily dispersable in aqueous or 
organic media which is another problem diminishing the special electrical, 
mechanical, optical and thermal properties of carbon nanotubes. These problems have 
motivated recent research to develop a considerable volume of methods to disperse 
the nanotubes more effectively [12]. The high surface area to volume ratio of 
nanoparticles is of high significance in research [13]. Nanoparticles have different 
properties that are different to that of the bulk material; this though is not always 
beneficial, as in case of copper nanoparticles of size less than 50 nm which are 
significantly less malleable and ductile than bulk copper [14]. Study of nanoscale 
particles has revealed new materials properties. For example, opaque material can 
exhibit transparent properties at the nano scale as in case of copper, non reactive gold 
can obtain catalytic properties, non conductive materials can turn into conductive 
materials and solid gold particles change into a liquid like state at room temperature, 
(the higher surface area of gold nanoparticles decreases its melting temperature) 
enhancing their applications at elevated temperatures [14-15]. The presence of 
nanoparticles in dispersions, or composites, can impart special properties like titanium 
dioxide has a self cleaning effect and zinc oxide nanoparticles has superior properties 
of UV blockage compared to larger particles (500 nm) and is used in sunscreen lotion 
[16]. In the same way the presence of carbon nanotubes imparts unique mechanical, 
thermal and optical properties compared to bulk carbon. However nanoparticles tend 
to agglomerate themselves and settle down so keeping the nanoparticle dispersions 
stable for longer periods is a considerable challenge. 
 1.2 Project Objectives 
The objective of this study was to make homogeneous dispersions of graphitic carbon 
black taking into account the effects of the particle type, solvent used, particle 
concentration, suitability of dispersing agents and then examining the state of 
dispersion by various techniques such as polymer adsorption to the surface, rheology, 
conductivity and atomic force measurements. 
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The following key aspects were investigated: 
• To study the adsorption isotherms of the polymers/dispersants to determine the 
optimum concentration of the dispersant to be used in the rheology of high solid 
loadings/concentrated dispersions. 
• The effect of anchoring and stabilising chain of the polymer upon the 
adsorption to the surface and consequently upon the stabilisation of the dispersion. 
• Studying the effect of dispersant concentration upon the rheology of the 
dispersions and finding out the optimum concentration of the dispersant. 
• The effect of the concentration of the carbon particles upon the rheology of the 
dispersion and hence making the stable dispersions of controlled rheology with 
optimized solid volume fraction.  
• The effect of structure of polymer on the conformation adopted by the 
polymers at the surface. 
• To measure the effect of dispersant concentration upon the electrical 
conductivity of the dispersions of fixed concentration and hence to find out the 
optimum concentration of polymers. Also to measure the electrical conductivity 
values of carbon black dispersions at a fixed volume fraction using polymers at their 
optimum concentrations, as a characterizing technique to measure the quality of 
dispersion.  
• The imposition of scaling power laws to the electrical conductivity values and 
elastic modulus values to measure the degree of flocculation of the suspensions and 
hence measuring the performance of the dispersants. 
•  Measuring the interactions between the particles in the solvent and polymeric 
solutions using AFM (atomic force microscopy) under the same conditions as that 
used to characterize the dispersions. 
1.3   Thesis Outline 
A theoretical background of the relevant literature is given in Chapter 2. In brief this 
summary defines the nature of the attractive forces between particles which are 
responsible for the instability of the solid-liquid dispersions and how they are 
overcome by providing the stabilising forces. A theoretical background of the 
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characterization techniques including adsorption, rheology, conductivity and force 
measurements is also given. 
The materials (carbon black, all dispersants, solvents) used in this study are outlined 
in Chapter 3; this chapter gives details of the materials, for example, molecular 
weights and structure of the materials used. 
Results obtained after characterising the dispersions are presented in Chapter 4-7. The 
main body of the experimentation undertaken in this study is discussed in these 
chapters.  
The adsorption measurements are discussed in Chapter 4. The affinity of the 
dispersants to the solid surface was evaluated by constructing the adsorption 
isotherms and these isotherms showed Langmuirian adsorption behaviour. The 
adsorption isotherms provided information about the effect of chemical structure of 
the dispersant used on the conformation of the polymer at the surface and help in 
understanding the interactions between particles and non ionic dispersants [17]. 
Chapter 5 discusses the rheological measurements. The mechanical properties of the 
dispersions were characterized by rheological measurements including steady state 
and oscillatory tests. The steady state tests provided the information about the 
viscosity of the dispersions with the variations of the solid volume fraction and 
dispersant concentration. The viscosity values versus solid volume fraction were used 
to determine the maximum solid volume fraction for each dispersant. The oscillatory 
tests were used to analyze the viscoelastic properties (storage and loss modulus) of the 
dispersions. Barrie et al [18] studied the rheology of amorphous carbon black aqueous 
dispersions using polyacrylate. They investigated the effect of volume fraction of 
carbon black and polymer concentration on the rheology of carbon black aqueous 
polymer dispersions. They investigated the full spectrum from viscous to pure elastic 
behaviour of these dispersions by studying these factors. The concentrated dispersions 
were prepared after optimizing the solid concentration and dispersant concentration. 
The effect of dispersant onto the electrical conductivity of dispersions and optimum 
concentration of the dispersant obtained from adsorption isotherms verified by 
conductivity measurements are discussed in Chapter 6. Scaling theory was applied 
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onto the electrical conductivity and mechanical properties measurements and degree 
of flocculation of suspensions was estimated. 
The interaction forces between the surfaces with and without stabilising dispersants 
solutions are presented in Chapter 7. These interactions are used to evaluate the 
stability of the dispersion and consequently the performance of the dispersant. 
A discussion of all the results and a summary of the major findings of this study and 
recommendations to the future work are given in Chapter 8. 
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CHAPTER 2 
LITERATURE REVIEW OF THE 
UNDERLYING PRINCIPLES AND METHODS 
UTILIZED IN THIS PROJECT 
This chapter presents a discussion of the relevant work that has been carried out 
previously and which has been taken as a starting point in this project. The basic 
theories, a description of previous experimental work and characterisation methods 
used such as adsorption isotherms, rheology, conductivity and atomic force 
microscopy are explained in this chapter. A detailed history of the stability of 
nanoparticle dispersions is also presented.  
2.1   Dispersant Adsorption 
Considerable research has been reported on the stabilization of various adsorbents in 
aqueous and non aqueous medium by using surfactants and/or polymers due to the 
diverse industrial applications of solid liquid dispersions [1-6]. Structured 
polymers/non-ionic dispersants (such as block copolymers) are frequently used for 
steric stabilization (detailed in the section 2.3.3 discussing interparticle forces). The 
structure of non-ionic dispersants is somewhat similar to the ionic dispersant as far as 
the hydrophobic part is concerned, while the hydrophilic part is generally made of 
polyethylene oxide chains. In practice, homopolymers cannot provide sufficient steric 
forces because they should provide strong adsorption to the surface and good 
solvency in water as well. However, non-ionic block copolymers do this job well and 
prove to be very effective. An effective block copolymer dispersant must have an 
anchor chain with a strong affinity for adsorption onto the surface and poor solvency 
in a medium while the hydrophilic chains must extend far into the solvent to provide a 
sufficient steric barrier. The various conformations adopted by dispersants onto the 
interface are very important and this depends upon the structure of the dispersant. 
Figure 2.1 presents the conformations of polymer molecules on the interface based on 
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their structures. In the case of homopolymers, the whole polymer may adopt a flat 
conformation if all the segments of the dispersant have high affinity to the interface, 
figure 2.1 (a). An example of this homopolymer is Hypermer LP1 (homopolymer of 
polyhydroxystearic acid) which was used in this study. While the block and graft 
copolymers have the most favourable structures. The AB block polymers have one B 
chain for strong adsorption and an A chain for good solvency in the medium, figure 
2.1 (b), ABA block copolymers have two stabilising chains, figure 2.1 (c) [7]: 
 
 
(a) 
  
(b)   (c) 
Figure 2.1: The conformations adopted by polymeric surfactants adsorbed onto the solid 
surface: (a) polymeric chain lying flat on the solid surface; (b) AB block copolymer with loop 
of B block and train configuration of long tail of A; (c) ABA block copolymer with two A’s 
[7]. 
The effect of the stabilizing chain molecular weight and the nature of anchoring group 
of polymers onto the stability and adsorption affinity are well reported. Sluzarenko et 
al [8] used three diblock copolymers of polystyrene-b-polyisoprene, two high 
molecular weight and one low molecular weight for preparing multiwall carbon 
nanotubes dispersions in dimethylformamide (DMF), a polar solvent and heptane, a 
non polar solvent. They found that both high molecular weight block copolymers 
show better stabilizing effect as compared to the low molecular weight block 
copolymer. They suggested that the low molecular weight polymer did not provide a 
sufficiently large repulsive barrier. Shoji and Shigenori [9] used ethoxylated polymers 
which have one hydrophobic part adsorbing onto the particles and other hydrophilic 
part which extends into the medium stabilizing the particles in water through the 
steric effect. They studied the effect of chemical structure of the dispersant and 
concluded that the hydrophilic part should have sufficient length to negate the van der 
Waals forces. Abe and Kuno [10], Corkill et al [11] and Ottewill [12] suggested that 
the adsorption of polyethylene oxide-polypropylene oxide-polyethylene oxide ABA 
copolymers (PE/F 103 and PE/F 108) which have the same size anchoring group but 
different ethylene oxide (EO) chain weights, is larger in molar terms for the polymer 
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with low molecular weight EO chain, and suggested that the higher molecular weight 
EO chain crowded the surface and prevent further adsorption.  
Kronberg [13] found that the adsorption affinity of nonylphenyl ethoxylate depend on 
the size of EO units (number of ethylene oxide units) and it decreases with the 
increase of EO units. Later Kronberg [14] reported the adsorption of nonylphenyl 
polypropylene oxide-polyethylene oxide NPE type surfactants and pointed out that the 
adsorption of these kinds of surfactants depends upon the structure of the surfactant 
rather than adsorbing surface. Boomgaart et al [15] and Pingret et al [16] reported that 
the adsorption amounts in weight of NPE surfactants (NPE1800, NPE A, NPE B and 
NPE C) was constant for both hydrophobic silica and polystyrene latex and they 
scaled the anchoring distance s (square root of cross sectional area of polymer 
molecule, detailed later in this chapter) with the adsorbed layer thickness. They 
considered that the maximum adsorbed amount is governed by size of the EO 
segments rather than by hydrophobic portion.  
In non aqueous media, the stability of suspensions requires a polymer with an oil-
soluble stabilizing chain and a head group with strong adsorption affinity onto the 
adsorbing surface. The examples of these polymers are Hypermer B246 (an ABA 
block copolymer with an A (polyhydroxystearic acid) as stabilizing chain and B 
(polyethylene oxide) as an anchoring group and OLOA 11000 which is an AB 
copolymer with A (polyamine polar head group) and B (polyisobutylene) as a 
stabilizing chain (used in this study). Tomlinson et al [17] constructed the adsorption 
isotherms of succinimide dispersants with different chain lengths and found the 
optimum chain length (acting as a lipophilic part) which gives higher adsorption and 
hence the better coverage of the surface which is a requirement of a stable dispersion. 
Kim [18] demonstrated the effect of chemical structure of dispersant on the dispersal 
properties of nanotubes in organic media. He reported that the hydrophobic group 
must be strongly anchored to the hydrophobic CNT surface and the stabilizing species 
called the tail groups should be sufficient to provide steric hindrance. In his study he 
used hexylthiophene because thiophene group can be easily adsorbed onto the CNT 
surface as it has strong electro negativity while the hexyl group can provide steric 
hindrance in organic solvents. Gupta and Bhagwat [19] observed higher adsorption 
amounts for surfactants with benzene ring in their structures, for example, they found 
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higher adsorption in the presence of SDBS than SDS for graphitic carbon black. So 
the structure of the hydrophobic group is also important in terms of adsorption and by 
consequence in the stability of suspensions. 
 Dubois-Clochard et al [20], found that increase of amino groups in polar anchoring 
part of succinimide dispersant increase the adsorption affinity of dispersant onto the 
adsorbing surface which plays an important role in the stability of the suspensions. 
Shen and Duhamel [21] investigated the role of secondary amines in polar anchoring 
core of succinimide dispersant in the enhancement of the adsorption affinity and the 
better coverage of the surface.  
Hence one may conclude that the thickness of the steric barrier and the adsorption 
affinity of polymers can be altered by varying the stabilizing chain and anchoring 
chain.  
In the literature, different theories have been reported for the description of the 
adsorption of polymers onto the surface. The Fleer and Scheutjens [22] theory is a 
lattice based theory with assumption that each site of lattice is covered by a polymer 
segment. The configuration can be drawn from the surface and solvent mixing Flory-
Huggins parameters and hence polymer segment density profile can be calculated. 
The scaling theory or De Gennes theory [23] is another approach for the description 
of adsorption of polymeric dispersants in good solvents with a small energy of 
adsorption onto the surface. The density of the polymer segments in the adsorbed 
layer is determined as a function of distance from the surface and consequently the 
adsorbed layer thickness is calculated. In scaling theory the space around the surface 
is divided into three regions: 
i. The surface adjacent region of very short thickness and where the density of 
polymer segment depends upon the adsorption energy. 
ii. The central region where the density of polymer segments is lower than the 
surface proximal region but higher than the density in bulk solution and is 
governed by the mutual interactions of polymer chains. 
iii. The distal region in which density of polymer segments drops fast to the bulk 
concentration. 
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By implementing this theory to the block copolymers used in this study, the 
conformation of the polymer molecule as a function of distance between anchor 
chains, s, also called the grafting density can be determined.  
The separation distance s between each terminally grafted polymer chain is calculated 
as the square root of the area of polymer molecule (σc) calculated from the following 
equation 2.1: 
σc =  (Γm NA)-1                                                                              (2.1) 
Where Γm is the maximum amount adsorbed and NA is the Avogadro number. 
Rf is end to end dimension of polymer molecule calculated from the Flory Huggins 
theory as given below [23-24]: 
Rf  =  a N3/5                                                               (2.2) 
Where a is the size of monomer unit and N is the number of monomer units. 
If the coil size (end to end dimension of polymer molecule), Rf, calculated from the 
Flory Huggins theory, is shorter than the distance s between the grafting sites, 
mushroom like structure is obtained when distance becomes shorter than Rf, the 
chains are forced to stretch in brush like configuration, figure 2.2 [24]. 
 
Figure 2.2: A representation of conformation adopted by polymeric surfactant adsorbed onto 
the surface. From the top, the mushrooms/coils conformation is observed for s > Rf, brush 
conformation is found for s < Rf i.e., for high density of adsorbing points, [24]. 
s 
s 
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2.2   Adsorption Isotherms  
The effectiveness of the dispersant can be determined by studying the adsorption 
mechanism of the dispersant onto the particle surface which gives the information 
about the structure of the dispersant and the interactions between the solid and 
dispersants. The adsorption of dispersants is represented by adsorption isotherms 
which are constructed by plotting the adsorbed amount of the dispersant versus 
equilibrium concentration. The adsorption isotherms may have any shape as it 
depends upon the adsorption mechanism of the dispersant but in this study adsorption 
isotherms have characteristic shape of Langmuir isotherms [25]. The Langmuir 
isotherms are typically used for monodisperse distribution of polymer molecules so 
that the adsorption isotherms in this study may be fitted by the Langmuir equation 
with the assumption of monolayer coverage of the surface. At lower concentrations of 
polymer, the particle surface is not fully covered with polymer molecules because the 
polymer is insufficient to fully coat all the surface. Further increase in concentration 
of polymer makes the whole surface of solids covered until an equilibrium is 
achieved. At equilibrium concentration, the amount adsorbed is a maximum and there 
is no further increase in adsorbed amount by increasing the polymer concentration. 
The Langmuir equation (2.3) is given below: 
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where Γ is the amount adsorbed, Γm is maximum amount adsorbed Ce equilibrium 
surfactant concentration and K is the adsorption equilibrium constant. 
Frequently a linear form of Langmuir equation 
mm
ee
K
CC
Γ
+
Γ
=
Γ
1
                                    (2.4) 
is used since a plot of Ce/Γ and Ce is linear if the langmuir isotherm can be applied 
and here Γm and K can be calculated from the slope and intercept.   
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The adsorbent and solvent compete with each other to adsorb onto the surface so 
Langmuir model assumes that the polymer molecules displace the solvent from the 
surface and occupy the same surface area on the solid surface as the displace solvent 
molecules but polymer molecules have larger dimensions than water so this can not 
be true, although it can be close to true for a monomer unit. Also the Langmuir 
adsorption isotherm assumes that the all surface sites of the adsorbent have the same 
affinity for solvent and polymer molecules for adsorption which will not be true for 
heterogeneous carbon black surface. Polydispersity of dispersant molecules also 
deviate from these assumptions [26]. However these isotherms provide information 
about the dependence of the surface coverage on the concentration of the dispersant in 
the solution and most of the adsorption data of dispersants can be fitted into this 
simple model [27-30]. 
2.3   Interaction forces between particles 
The nature of colloidal systems is not simple as many factors affect dispersability 
such as particle type, particle size and size distribution, surface chemistry (groups 
present onto the surface of particle), interparticle forces and particle-solvent 
interactions. Nowadays one of the major research tasks is to relate the bulk properties 
of dispersion with the interparticle forces and overcoming the attractive van der Waals 
forces is necessary in making a stable dispersion.  
Intermolecular forces can be classified into three categories on the basis of their 
nature.  
2.3.1   Van der Waals forces  
2.3.2   Electrical interactions 
2.3.3   Steric forces induced by adding polymer 
2.3.1   Van der Waals forces  
These are weak long-range interaction forces due to: (i) permanent dipole-permanent 
dipole orientation force (Keesom force) [31]; (ii) permanent dipole-induced dipole 
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interaction force (Debye force) [32]; (iii) Dispersion or London force described by 
London in 1930 [33]. Keesom force exists between two molecules with permanent 
dipoles; water and hydrochloric acid molecules have Keesom interactions. Debye 
forces exist when a dipole is induced on any non polar molecule by the permanent 
dipole of the first molecule. For example the permanent dipole of water induces a 
dipole on a chlorine molecule. The dipole orientation force and induction force are 
both electrostatic in origin. In the absence of permanent dipole forces, dispersion 
forces arise by the oscillation of electrons in an atom generating temporary dipoles 
which then induces a dipole in a second atom or molecule. These forces are always 
attractive as the induced dipole has always the opposite sign of the fluctuating dipole.  
The concept of van der Waals forces was first proposed by J. D. van der Waals. These 
are attractive forces between atoms which change with respect to distance. In the 
twentieth century Lennard Jones introduced repulsive term at a short distance to 
prevent atoms occupying the same space as well as attractive term to describe the total 
potential energy as given below, [34-35].  
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Where, A and B are constants and r is the centre-centre distance between the atoms. 
Figure 2.3 is representing attractive and repulsive forces with respect to distance 
plotted according to the Lennard-Jones expression, [35]. The dotted line shows the net 
interaction force. At longer distances attractive forces are present and increase with 
decreasing the distance but when molecules essentially touch the net interaction 
becomes repulsive. 
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Figure 2.3: Interaction energy between two atoms or molecules as a function of distance, 
[35]. 
Van der Waals forces are not pair wise additive as force between two molecules is 
affected by the presence of neighbouring molecules and the field emitting by one 
molecule may reach the other molecule through reflection by the other molecules as 
they are also polarised by the emitting field. This non additive property is important 
when considering large particles such as colloids and surfaces in a medium. Lifshitz 
theory [36] removes this problem by ignoring the atomic structure and treating the 
forces between large bodies as a continuous media. The interaction is estimated 
through bulk properties of the material such as the dielectric constant and refractive 
index. 
The van der Waals pair potential decays at rate of 1/r6 between two atoms or small 
molecules. If more atoms or molecules are present then the total interaction energy is 
sum of energies of all atoms in one body with energies of all atoms in the other body. 
While in case of surfaces it decays as 1/D3, much slower than interaction energy 
between atoms. For sphere-sphere system interaction energy decays with 1/D as given 
below. 
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Where D is the separation between macroscopic bodies and A is the Hamaker 
constant and it depends upon the properties of two approaching bodies and on the 
characteristics of medium. R1 and R2 are radii of those two spheres.  
For two equal sized spheres it becomes: 
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For a sphere of radius R and a flat surface, the measured force is a function of 
distance between the surfaces and is related to the total interaction energy per unit 
area according to the Derjaguin approximation, [37]: 
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For simplicity, ignoring the retardation effects on van der Waals forces the interaction 
energy per unit area for two flat surfaces is given below, [38]: 
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In the presence of solvent interaction force is a function of composite Hamaker 
constant shown in equation 2.10: 
( )221222111 AAAc −=                                       (2.10) 
A11 is the Hamaker constant of dispersed particle and A22 is Hamaker constant of the 
medium.  
2.3.2   Electrical Interactions 
Many substances carry a charge in a polar medium due to ionisation, dissociation of 
surface groups or adsorption of ions from the solution to the neutral surface. In order 
to neutralize the system, counter ions are attracted towards the surface and co ions are 
repelled away from the surface. 
Stern proposed that the surface charge is counterbalanced by a layer of counter ions 
formed by adsorption of ions from the solution [35, 39]. Actually any particle in 
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suspension carries a charge and an oppositively charged layer is formed around a 
particle which is strictly bound to the surface called the Stern layer. As the distance 
increases from the surface of the particle, attractive forces on the counter ions from 
the particle still exists but somewhat less than at the Stern layer and these ions form a 
denser layer of counter ions which exponentially decay away from Stern layer. In an 
electric field particles move in one direction and diffuse layer moves in another 
direction and the boundary is called the slipping plane. The potential at the slipping 
plane is called the zeta potential. It is the difference between potential energy at the 
slipping plane and the surface or Stern layer. The zeta potential is mainly a measure of 
the repulsive force when particles approach each other under Brownian movement. 
The higher the zeta potential, the higher the repulsive forces between two particles. So 
the zeta potential is a good measure for determining the stability of particles and helps 
optimizing the formulation of many suspensions. Wang [35] represented the electrical 
interactions in the figure 2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 2.4: Schematic representation of the structure of the diffused electrical double layer, 
[35]. 
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There is a rule of thumb for zeta potential range describing the stability of the 
dispersion, i.e.; suspensions having zeta potential above ±30 is stable. Addition of 
ionic dispersants increases the ionic concentration at the surface and hence increases 
the zeta potential. When the distance between two particles decreases, the diffuse 
charge layers interpenetrate, causing a repulsive force. Its magnitude increases as 
distance between approaching particles decreases. If the zeta potential is high enough, 
the repulsive interaction becomes larger than the attractive van der Waals forces 
giving rise to a stable dispersion. Charge stabilization can take place in both polar 
organic solvents and aqueous system but it generally works better in aqueous media 
due to the higher surface charge in water. The following equation represents the 
electrical double layer repulsive interactions.  
        (2.11) 
 
This type of stabilization is explained by the so called DVLO theory (Dejaguin and 
Landau [37], Vewey and Overbeek [40) which simply adds the van der Waals 
attractive term and the electrical double layer repulsive term together. 
                       (2.12) 
 
D =     Separation between two particles 
Rε =      Relative permittivity of the medium 
0ε  =     Permittivity of free space 
0ψ =     Surface potential ≈ Zeta potential 
1/κ =       Debye screening length or thickness of electrical double layer 
Electrical double charge layer is very effective in preventing the colloidal particles 
from aggregating and keeping the colloidal solution stable but does not work in non 
aqueous media (where Rε  is low)  or at high electrolyte concentrations (where κ is 
high).  
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2.3.3   Steric forces 
As discussed in section 2.1, the dispersion stability is frequently achieved by using 
polymers/dispersants which make a protective layer around the particle. When 
particles come closer and the separation becomes < 2δ the polymer chains around the 
particle overlap and produce steric forces which prevent the closer approach of 
particles. The two effects are important in creating the steric potential, entropic 
(elastic term, Vel) and enthalpic (mixing term, Vmix), equation 2.13: 
                                      
mixelster EEE +=              (2.13) 
The elastic contribution arises when particles coated with the polymers approach each 
other and the polymeric layers compress, decreasing the configurations the polymer 
can adopt, thus decreasing the entropy. The mixing effect arises when polymeric 
layers interpenetrate and increase the polymer concentration between the particles, 
causing the solvent to diffuse into the region between the particles to reduce the 
polymer concentration; this is also called an osmotic effect, figure 2.5 which shows 
the compression and overlapping of polymer layers on approaching each other. 
 
Figure 2.5: Entropic and enthalpic effects of sterically stabilized system. 
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A number of theoretical models have been stated in literature for the interaction forces 
between two surfaces with polymers. Fischer has given the following relation 
(equation 2.14) for estimating the steric interaction energy [41]. 
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Where kB is Boltzmann’s constant, T is absolute temperature, Γ is total adsorbed 
amount, R is particle radius, NA is Avogadro’s number, vp is the specific partial 
volume of polymer segment, Vs is the molecular solvent molar volume , χ is the Flory 
Huggins parameter [42] to take into account the energy of interdispersing polymer 
and solvent molecules. 
Attractive interactions occur in poor solvent when is χ > 0.5 and Emix is negative while 
repulsive interactions take place when is χ < 0.5 and Emix is positive which occurs in a 
good solvent [41]. The approach is not quantitatively accurate but it does predict a 
change in the interactions between adsorbed layers from repulsive to attractive. 
Repulsive steric interactions have also been studied more quantitatively by Alexander 
and de Gennes [43-44] which has been detailed later in this chapter.  
The total interaction energy of a sterically stabilised system is combination of van der 
Waals forces and steric forces as given below: 
                             AsterT EEE +=                                                      (2.15) 
In the case of particles with adsorbed layers of polymers, the total free energy of their 
interaction depends upon the adsorbed polymer layer thickness, δ,  adsorbed layer 
density, v , molecular weight of the polymer, solvent-chain interaction (Flory Huggins 
parameter) and polymer-surface interaction, configuration of the chain onto the 
surface, particle size and the Hamaker constant ‘A’. For a given pair of particles, Emin 
changes with respect to δ. At a certain point, δ will not provide sufficient separation 
between the particles to prevent the Emin going deep enough to result in the 
flocculation of the particles as shown in figure 2.6 [41]: 
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Figure 2.6: Representation of steric forces due to adsorbed polymer [41] 
As discussed before, the early theories of steric stabilization arbitrarily split the 
interactions between adsorbed polymer layers into two components, the elastic and 
mixing terms. Later theories removed this split and as long as χ < 0.5 are more 
quantitative, Alexander and de Gennes [43-44] proposed a model, on the basis of the 
configurational free energy of polymer chains, which is applicable to the systems 
where the distance s between grafting sites is greater than the Flory radius (end to end 
distance of polymer molecule), Rf, calculated by Flory Huggins theory. The model 
describes that each polymer chain is independent of adjacent chains and arrange in a 
recoiled configuration giving a mushroom like shape. Hence this model is applied for 
non interacting mushrooms with low surface coverage. While for high surface 
coverage or for high density of adsorbing points which is the case where distance s is 
less than Rf, the chains are forced to stretch more and give rise to a brush like 
configuration. They developed a model which is applicable for terminally grafted 
polymers in good solvents with brush configuration based on scaling arguments. This 
is the type of configuration adopted by the polymers in this study. 
Alexander-de Gennes [43-44] developed a scaling law for F(D) between two parallel 
plates bearing grafted polymer segments at the separation of distance D represented 
by the following equation: 
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Where T is the absolute temperature, kB is the Boltzmann constant. L is the adsorbed 
layer thickness which was taken half of the separation where repulsive interactions 
between two surfaces just started, c1 is undetermined numerical prefactor of order 
unity. 
F (D) is related to E (D) as:  
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For two equal sized spheres of radius R 
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Where β is an integration constant of order unity. This relation quantitatively predicts 
the interaction between two polymer layers [43-44]. How experiments can be 
performed to test this theory will be described later in this chapter. 
2.4 Rheology 
 
Rheology is the study of the flow and deformation of materials and the rheology of a 
solid-liquid dispersion lies between the flow and deformation characteristics of a pure 
liquid and a solid respectively. The rheological measurements (steady state and/or 
oscillatory measurements) gives information about the dispersion properties, for 
example, the effect of dispersant and solvent [45-48]. Also the steady state (viscosity) 
tests and viscoelastic tests (storage and loss modulus) provides detailed information 
regarding the overall structure of the dispersed particles and the interactions involved 
that are responsible for the elastic and/or viscous behaviour of the dispersion. So the 
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rheological studies can tell us about the effect of the addition of dispersant on the 
stability of dispersions enabling dispersions at high volume fraction to be prepared.  
Any pure liquid follows Newtonian behaviour in which the applied shear stress τ is 
directly proportional to the velocity gradient perpendicular to the flow direction, the 
shear rate γ& . 
γητ &=                            (2.20) 
Where,         η = proportionality constant termed the viscosity 
Pure liquids follow Newtonian behaviour so the viscosity is independent of the shear 
rate. Addition of solids into liquids affects their viscosity even at lower 
concentrations, so the relative viscosity which is the ratio of viscosity of the resulting 
suspension, ηs, and viscosity of the pure solvent, , is of most significance. 
η
ηη s
r
=                         (2.21) 
The viscosity of the resulting dispersion is always greater than the pure solvent and 
this relationship can be used to study the effect of solid volume fraction. But before 
we consider this, there is another factor, the shear rate which affects the viscosity. 
Viscosity of moderately concentrated suspensions does not follow the Newtonian 
behaviour and depends upon the shear rate.  
The flow behaviour of non Newtonian fluids can be characterized on the basis of the 
dependence of viscosity with the shear rate. For shear thinning fluids, also called 
pseudoplastic fluids, the viscosity decreases with increased shear rate. . For shear 
thickening fluids, also called dilatants, the viscosity increases with increased shear 
rate. Plastics, also called Bingham plastics, exhibit a yield stress value before the flow 
ocuurs. Examples of pseudoplastics are paint, shampoo and ketch up etc, examples for 
dilatants are wet sand, concentrated starch suspensions and examples of Bingham 
plastics are tooth paste and grease etc [49].  
Solid liquid dispersions mostly behave like pseudoplastic fluids and so have shear 
thinning behaviour i.e; viscosity decreases with the shear rate and becomes constant at 
low shear rate called the zero shear rate viscosity (first Newtonian region) and at high 
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shear rates called infinite shear rate viscosity (second Newtonian region)(figure 2.7). 
At both Newtonian regions the flow curves are linear. Similar behaviour of 
dispersions was reported by Poslinski et al [50] and Seyhan et al [51] among others. 
 
Figure 2.7: Variation of viscosity versus Shear rate shows shear thinning fluids. 
2.4.1   The effect of volume fraction on the steady shear 
behaviour of dispersions 
The rheological behaviour of a suspension depends upon the concentration of the 
solids. The effect of solid volume on the viscosity of a dispersion can be reported 
using analytical equations in low shear linear region, or high shear linear region. If 
dispersion is not very concentrated (particles with few hydrodynamic interactions), 
the following equation can be used for spherical particles with volume fraction less 
than 0.1, [52]: 
                        
φη 5.21+=r            (2.22) 
Where Φ is volume fraction. The concept of intrinsic viscosity, [η], provides the value 
of 2.5 for spherical particles. The intrinsic viscosity is defined as: 
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The intrinsic viscosity lies in the range of 2.5-3.0 in case of most of the solid-liquid 
dispersions. 
A virial type expansion of viscosity as a function of volume fraction (limit value of Φ 
= 0.15) was explained by following equation: 
[ ] 21 υφφηη ++=r
                                                      (2.24) 
The empirical values of virial coefficient ν can be found in literature [53], referred to 
specific given systems. Batchelor [54] theoretically derived a value of ν = 6.7 for 
elongational motion of rigid spherical particles from a rigorous hydrodynamic 
analysis. 
For concentrated dispersions where the volume fraction is greater than 0.15, the 
Mooney’s equation (used for polydisperse synthetic latexes) can be used which is 
given below.  
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Where Φp is the maximum theoretical volume fraction which can be found from 
literature depending upon the system (theoretically it ranges from 0.5 to 0.75 for most 
of the solid-liquid dispersions). In the above equation, viscosity approaches infinity 
when Φ increases to Φp (the maximum theoretical volume fraction where particles 
reach the closest packing arrangement and particles form a continuous three 
dimensional network which makes flow impossible and the viscosity approaches 
infinity). 
The following is a modified form of Mooney’s equation given by Krieger [55]. 
Krieger Dougherty equation is also explained by Hiemenz and Rajagopalan [56]. 
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The experimental maximum volume fraction (Φm) can be calculated by extrapolating 
(ηr)-1/[η]Φp   versus Φ to zero. The maximum experimental volume fraction Φm has 
been found to be shear rate dependent, [57-58], and increases with the shear rate.  
The experimental maximum volume fraction (Φm) and intrinsic viscosity [η] for non 
spherical particles is different as a consequence of their packing density. Generally 
non spherical particles have poorer packing especially at low shear rate and thus 
lower the value of Φm as compared to spherical particles, but at high shear rate, 
particles aligned themselves and give better packing. The [η] varies in between 4.5-6 
for non spherical particles [59].
  
 
Φp (the maximum theoretical packing fraction) is compared with Φm (maximum 
experimental packing fraction) and adsorbed layer thickness δ of polymers around the 
particle can be calculated as given below [60]. 
( )[ ]R
m
p δ+=
Φ
Φ 1
3
             (2.27) 
Where δ is adsorbed polymer layer thickness and R is the radius of particle. Figure 
2.8 describes the adsorbed polymer layer thickness around the particle. 
 
 
 
Figure 2.8: Polymer adsorption onto the colloidal particle 
Contribution from adsorbed polymer layer to the correct hydrodynamic volume 
fraction should be considered. Therefore Φ  may be converted into the effective 
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volume fraction Φ′ , constituting the core volume of particles plus the hydrodynamic 
volume of adsorbed polymer layer through following equation: 
( )[ ] Φ+=Φ′ 31 Rδ             (2.28) 
Tadros [7] concluded that the adsorbed layer thickness decreases with the increase of 
particle volume fraction and increases with the increase of particle size. So particle 
size and concentration is also important for adsorption and stability. 
2.4.2   Viscoelasticity 
Some materials behave as elastic materials which undergo immediate deformation 
upon application of stress and this deformation is directly proportional to the stress, so 
that the ratio of strain to stress tells us about the elasticity of the material. These 
materials store mechanical energy with no dissipation. Also materials regain their 
original structures upon removal of stress (like spring). An elastic solid follows 
Hook’s law, 
                                                           γτ G=                                                          (2.29) 
Where, G is the elastic modulus, τ is shear stress and γ is strain. 
Some other materials show Newtonian behaviour upon applying stress as they 
dissipate the energy with the response to flow and have no capacity for storing the 
energy and these materials do not return to their original structure, equation 2.20. 
In some cases, material behaves somewhere in between the elastic and the Newtonian 
behaviour, these are called viscoelastic materials. This type of material store some 
mechanical energy and loose some energy as flow. Viscoelasticity is a time dependent 
property, in sufficiently fast experiment, a fluid can behave like an elastic material 
while over a long enough time scale, a solid may show viscous behaviour i.e. 
deforming permanently under applied stress. For medium time scale, viscoelastic 
properties are observed. 
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The following general equation (written under the hypothesis of linearity which 
implies that the strain is directly proportional to the applied stress) governs a 
viscoelastic material where G and η are ≠ 0. 
       γηγτ &+= G                                                             (2.30) 
The above equation describes a simple mechanical model which can be graphically 
represented with the procession of dashpots (viscous component) and springs (elastic 
component), figure 2.9. 
 
Figure 2.9: Viscoelastic models. (a)Kelvin model (b) Maxwell model  
For instance, the Kelvin model represents a viscoelastic solid where the resulting 
stress is the sum of the stresses applied on the spring and the dashpot, in parallel and 
can be represented by equation 2.30: 
 Under this model, under the application of constant stress, the material deforms 
asymptotically and finally approach steady strain. On releasing the stress, the material 
gradually relaxes back to its original undeformed state. 
Maxwell model (representative of viscoelastic liquid) is a linear addition of two 
elements (dashpot and spring). 
Under this model, when a constant stress is applied on a material, its strain has two 
components, one is the elastic component which occurs instantaneously and relax 
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back immediately upon the removal of stress (corresponding to the spring). The 
second viscous component which grows with time under stress which decays with 
time.  
Viscoelastic properties of concentrated dispersions may be measured by oscillatory 
measurements where a small sinusoidal stress is applied to the dispersion and a 
certain delay in the resultant strain to the applied stress is measured which is 
determined by a phase angle shift θ. For an elastic system (no dissipation of energy), 
the resultant strain and applied stress occupy the same position and so the phase angle 
shift is zero (θ =0˚), while in case of viscous (Newtonian) system, the output strain 
wave shifts by an angle of 90˚ from the sinusoidal applied stress i.e. the strain is a 
minimum when the stress is maximum. For viscoelastic system, phase angle shifts in 
the range of θ = 0˚-90˚. For predominately elastic system, θ < 45˚ and for 
predominately viscous system, θ > 45˚ [41], figure 2.10. 
G* is complex modulus which measures the viscoelastic behaviour of the system. 
Complex modulus is defined as: 
          γ
τ
=
*G
             (2.31) 
Complex modulus consists of two parts. 
The storage modulus (showing elastic properties)  
θcos*GG =′
                      (2.32) 
The loss modulus (showing viscous properties)   
θsin*GG =′′
           (2.33) 
On combining these equations 
             
θtan=
′
′′
G
G
                       (2.34)  
And                  GiGG ′′+′=*                (2.35) 
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Figure 2.10: A sinusoidal strees wave resulted in the sinusoidal strain wave, (a) elastic solid 
(b) viscous liquid (c) viscoelastic system [41]. 
In practice, first of all the linear viscoelastic region is determined. A strain sweep test 
is performed for this purpose in which a strain of variable amplitude is applied to a 
fully structured system under fixed frequency (usually taken as 1 Hz as per literature). 
First 'G  and ''G remain independent of the strain then vary with strain and drop to 
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lower values and this value of strain is called critical strain, γc, figure 2.11 which 
shows the variation of storage modulus with the strain. After that, a frequency sweep 
test is carried out in which strain is of fixed amplitude but below the critical strain 
while the frequency varies and 'G  and ''G are determined [61].  
 
Figure 2.11: Storage Modulus variation over a range of strain 
The mechanical properties (storage and loss modulus) of suspensions depend upon the 
volume fraction of carbon black. At low concentrations, the system behaves like a 
liquid, on a further increase in concentration, the solid behaviour dominates over 
liquid behaviour and this transition from liquid to solid state is a function of the 
concentration of carbon black. The following power law can be used to fit the 
experimentally determined values of elastic modulus, G', at a fixed frequency versus 
higher volume fractions of carbon black above threshold concentration (system just 
starts behaving like a solid past this threshold). 
tyG ′Φ=′
                                                              (2.36)
 
Where G' is the elastic modulus, a function of Φ, y is the coefficient and t’ is a critical 
exponent. The value of exponent t’ of power law helps in predicting the degree of 
flocculation of the suspensions. In the literature, people found the values of critical 
exponent t’ around or below 4 for aggregated systems [62-64]. 
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2.5   Conductivity tests 
The only factor which influences the effective utilization of the nano scale carbon 
black and/or carbon nanotubes in advanced composites applications is the ability to 
disperse the nanomaterials homogeneously throughout the suspension. At low filler/ 
carbon black concentrations in the finely suspended matrix, adjacent carbon black 
particles have no contacts. The increase of filler concentrations, where the carbon 
black particles have contact with each other and give rise to the agglomerates of the 
particles. By further increasing the solid volume fraction, these agglomerates reach a 
size where they touch each other and form a compact network (two or three 
dimensional) of conducting solids in insulating polymer, Li and Yang [65], Ezquerra 
et al [66] and Lux [67] showed similar behaviour for carbon black particles in their 
study. Since carbon is a conducting material, the conductivity of the dispersions is a 
reflection of the connectivity between the particles. Thus one would expect a highly 
flocculated dispersion to have a higher relative conductivity than a dispersed 
suspension.  
The addition of carbon black into the filler-polymer suspension enhances its electrical 
and mechanical properties which is of significant potential in various industrial 
applications, for example, gas discharge tubes, fuel cells, electromagnetic shielding, 
microwave amplifier, batteries and in the making of aircrafts and space crafts etc [68]. 
The electrical conductivity of the filler/polymer system depends upon the volume or 
mass fraction of conductive filler. At low volume fraction, the conductivity of 
composite remains very close to the conductivity of pure polymer which is very low 
as polymers are insulating materials. Carbon black when used to transform insulating 
polymers into conductive exhibits a percolation phenomenon where the concentration 
of carbon black is sufficient to produce a significant and sharp increase in electrical 
conductivity and this transformation from insulating material to conducting occurs by 
addition of carbon black above a critical concentration known as percolation 
threshold. Normally, in the proximity of percolation threshold, power law behaviour 
is observed in mechanical, electrical and thermal properties of filler-polymer 
suspension. Hence the dependence of electrical conductivity above the percolation 
threshold follows the scaling power law given below [69]: 
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                        (2.37) 
Where σ is the electrical conductivity of polymer-filler suspension as a function of 
filler concentration Φ, t is a critical exponent and x is the coefficient. After finding the 
critical threshold, one may able to guess the quality of dispersion on the basis of field 
induced microstructure of the system based upon the value of exponent t of scaling 
power law. The value of t ≈ 1 predicts the linear chain like structure while t ≈ 2 
describes a diffusion limited aggregated structure [69]. 
2.6   Surface force measurements by Atomic Force 
Microscopy 
When two particles come closer, there exist interaction forces between surface 
molecules. Short range forces acting between 100 nm to < 1 nm have become the 
keen interest of many researchers while long range forces acting beyond 100 nm are 
not much important. The sensitivity of surface force measurements has now increased 
with the advent of atomic force microscopy; The AFM was an improvement in the 
invention of scanning tunnelling microscope [70-72]. A sharp probe is mounted on a 
cantilever edge and scans the sample with high resolution so three dimensional 
images can be developed with this technique. Also when a probing tip, or particle 
attached onto the cantilever, come closer to the other sample/particle surface, 
interaction forces result in the deflection of the cantilever and this deflection can be 
measured by optical beam technique which is based upon the reflection of the laser 
beam with the deflection of the cantilever and this reflected signal can be detected by 
a photodiode called a position sensitive detector (PSD). Figure 2.12 shows a cluster of 
carbon black particles attached on the cantilever tip [35]. 
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Figure 2.12: A cluster of carbon particles glued to the cantilever tip [35]. 
The principle acting in the measurements of interaction forces using AFM is based 
upon the deflection of the cantilever spring. When a force F is applied on a spring, it 
deforms and its deflection ∆Z is proportional to the force applied within the limits of 
elasticity of cantilever as given in following equation 2.38 and shown in figure 2.13: 
                                        F = k ∆Z                                                                          (2.38) 
Where k is spring constant and depends upon the dimensions and mechanical property 
of the cantilever. The deflection ∆Z of the cantilever spring is a measure of the force 
so the force can be determined after measuring the deflection ∆Z and multiplying it 
with the spring constant k. The intermolecular forces are measured as a function of 
distance and the force-distance curves generated with the use of AFM show PSD 
voltage versus piezo position. Israelachvili and Adams [73] developed the surface 
forces apparatus for measuring the forces between perpendicular cylinders covered by 
a thin mica layer, while AFM can be used for a wider selection of substrates [74-75]. 
The particle is attached to the cantilever and forces are determined from the deflection 
of the cantilever while altering the distance between cantilever and the sample. The 
deflection of the cantilever depends upon the surface properties of the material of 
cantilever and the sample. The interactions as a result of a balance between the van 
der Waals attractive forces and electrostatic repulsive forces in aqueous medium 
(DLVO theory) [76], can be determined by AFM in a variety of solvent environments. 
Moreover, steric repulsive forces may also be measured [77-78]. 
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Figure 2.13: Cantilever deflection on applying force (AFM mechanism). 
Figures 2.14-2.17 show the cantilever deflection and force distance profile curves for 
an attractive and repulsive interaction system. Figures 2.14-2.15 show the cantilever 
deflection and force distance profile curves for an attractive interaction system. For an 
attractive system, initially a cantilever will be at a sufficient distance from the sample 
surface and there will be no interactions (region AB of figures 2.14-2.15). By 
decreasing the distance between cantilever tip and sample by moving the piezo, the 
probe start experiencing force from the sample surface and will be in contact with the 
surface at a certain distance (region BC of figures 2.14-2.15). For attractive systems, 
the probe (cantilever tip) experiences an attractive van der Waals force from the 
surface. Once the tip is in contact with the surface, there will be a linear increase in 
cantilever deflection by further decreasing the distance between the sample and the 
fixed end of the cantilever called approach (region CD of figures 2.14-2.15). After 
that cantilever is moved back from the surface by increasing the distance called 
retraction (region DE of figures 2.14-2.15). The probe will remain in contact with the 
surface for some distance beyond the initial contact point and this is due to the 
adhesion forces between the probe and sample (region EF of figures 2.14-2.15). By 
further increasing the distance between probe and sample, cantilever will be again at 
sufficient distance and experiences no force (region FG of figures 2.14-2.15), figures 
2.14-2.15, Naden [41]. 
Piezoceramic 
Sample 
Laser beam 
Cantilever 
PSD 
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Figure 2.14: Cantilever deflection for an attractive system [41] 
 
Figure 2.15: Example of force-distance curve for attractive system, (□) approach, (■) 
separation [41] 
Figures 2.16-2.17 show the cantilever deflection and force distance profile curves for 
a repulsive interaction system. For repulsive systems, again cantilever tip experiences 
no force at sufficiently large separations (region AB of figures 2.16-2.17) but show 
repulsive forces from the sample surface upon closer approach and deflected away 
from the sample surface. Piezo keeps moving the sample close to the cantilever probe 
and once they are in contact (region BC of figures 2.16-2.17), again there will be 
linear increase in cantilever deflection (region CD of figures 2.16-2.17). On retraction 
similar linear curve will be produced by cantilever deflection (region DE of figures 
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2.16-2.17) until the separation of sample and the probe and they experience no longer 
interactions (region FG of figures 2.16-2.17), figure 2.16-2.17, Naden [41]. 
 
 
 
 
 
 
 
Figure 2.16: Cantilever deflection for repulsive system [41] 
 
Figure 2.17: Example of force-distance curve for repulsive system, (□) approach, (■) 
separation [41] 
This study constitutes of measurements of interaction forces between carbon black 
particles in the presence and absence of dispersant solutions in aqueous and non 
aqueous medium. Wang [35] also measured interaction forces between carbon black 
particles using AFM to simulate the soil onto the fabrics.  
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CHAPTER 3 
MATERIALS  
In this chapter the materials used for experimental techniques adopted in this project 
are described. The materials include carbon black, solvents, dispersants used in 
aqueous and non aqueous media and AFM materials. 
3.1    Carbon Black 
Graphitic carbon black (Monarch 1000 jet black in colour, diameter of 12nm), 
selected as a model of carbon nanotubes, was kindly supplied by Cabot Chemical 
Corporation and had surface area of 300 m2/g (measured by Nitrogen adsorption 
method) and163 m2/g (measured by Methylene blue adsorption method) and density 
of 1.8 g/cm3.  
3.2   Methylene Blue 
Methylene blue was used for determining the surface area of Carbon black and was 
purchased from Aldrich Chemicals. Chemical structure of methylene blue is shown 
below: 
N
SH+N
Cl+
N
H2O
H2O
H2O
 
 
 
Figure 3.1: Molecular formula of Methylene Blue 
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3.3  Dispersants used in aqueous medium 
3.3.1    PE/F 103 and PE/F 108 
Nonionic polyethoxylated polymers synperonic PE/F 103 and PE/F 108 (PE/F 103 
with 2x16 ethylene oxide units and PE/F 108 with 2x148 ethylene oxide units) were 
supplied by ICI Speciality Chemicals now known as Croda Chemicals. They have an 
ABA block copolymer structure, given below, with ‘A’ as stabilizing layer 
(polyethylene oxide) and ‘B’ as an anchor chain (polypropylene oxide). The 
characteristics of all nonionic dispersants used are shown in table 3.1. 
 
 
Figure 3.2: Molecular formula of synperonic PE series, x denotes ethylene oxide units and y 
represents propylene oxide units (x = 32 for PE/F 103 and x = 296 for PE/F 108 while y is 
constant in both i.e. y = 56). 
 3.3.2   Triton X100 and Triton X405 
Triton X100 and Triton X405 which contains an alkyl (octyl) phenol group with 10 
and 40 ethylene oxide groups attached respectively were kindly supplied by Aldrich 
Chemicals. Alkyl (octyl) phenol group act as an anchor chain and polyethylene oxide 
units act as stabilizing chains. 
 
C (OCH2CH2)xOH
CH3
CH2
CH3
C
CH3
H3C
CH3
 
 
 
Figure 3.3: Molecular formula of Triton X series, x = 10 for Triton X100 and x = 40 for 
Triton X405. 
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3.3.3   NPE1800  
NPE1800 (nonyl phenyl polypropylene oxide-polyethylene oxide with 27 ethylene 
oxide units) supplied by ICI Speciality Chemicals now known as Croda Chemicals 
has following structure. Nonyl phenyl polypropylene oxide units are hydrophobic 
chains while polyethylene oxide units are hydrophilic chains. 
 
 
 
Figure 3.4: Molecular formula of NPE 1800 for which x = 27and y = 13. 
 
3.3.4 Lugalvan BNO12  
 
Lugalvan BNO12 which is a Naphthol Ethoxylate (adsorb to the surface) with 12 
ethylene oxide units as stabilizing chain was kindly supplied by BASF. 
 
 
 
Figure 3.5: Molecular formula of Lugalvan BNO12 
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Table 3.1: Characteristics of polymers/Dispersants. 
 
 
3.3.5 SDS and SDBS 
Sodium dodecylsulfate (288 g/mol) and sodium dodecylbenzene sulfonate (350 
g/mol) were supplied by Aldrich Chemicals and have following structure. 
 
 
(a) 
 
(b) 
 
Figure 3.6: Molecular formula of (a) SDS and (b) SDBS 
 
Dispersant Molecular 
Weight  
(kg/mol) 
# of 
Ethylene    
oxide units 
# of 
Propylene 
oxide units 
Alkyl  
phenyl 
Naphthol 
PE/F 103 4.7 2 x 16 56 NO NO 
PE/F 108 16.2 2 x 148 56 NO NO 
Triton X100 0.65 10 ---- YES (Octyl) 
 
NO 
Triton X405 1.9 40 ---- YES (Octyl) NO 
NPE 1800 2.2 27 13 YES (Nonyl) NO 
Lugalvan BNO12 0.67 12 ---- NO YES 
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3.4   Dispersants used in non aqueous media 
3.4.1 Hypermer LP1 
Hypermer LP1 (polyhydroxystearic acid), a homopolymer (molecular weight 2000 
g/mol [1]), was supplied by Uniqema. 
 
Figure 3.7: Molecular formula of Polyhydroxystearic acid, n denotes the number of monomer 
units (hydroxystearic acid) and for Hypermer LP1, n = 7. 
3.4.2 Hypermer B246 
This is a polyhydroxystearic acid/polyethylene oxide/polyhydroxystearic acid ABA 
block copolymer (molecular weight 5000 g/mol [2]) and was supplied by Croda 
Chemicals. 
 3.4.3  OLOA 11000 
 
OLOA 11000 (polyisobutylene succinimide) has polar head group (polyamine) 
attached to a hydrocarbon chain (polyisobutylene) and both are connected by the 
succinimide group. It has molecular weight of 950 g/mol [3] and was supplied by 
Chevron Corporation.  
 
 
 Figure 3.8: Molecular formula of OLOA 11000, n = 13 and m = 3 
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3.5   Solvents 
Deionized water was used for whole experimentation while decalin and a mixture of 
o-xylene, m-xylene and p-xylene was supplied by Aldrich Chemicals and used 
without any further purification.  
 
                        
CH3
CH3
 
(a)                                                                      (b) 
Figure 3.9: Molecular formula of (a) Decalin, (b) Xylene 
3.6 AFM materials 
Spherical glassy carbon black particles (2-12 micron size and 99.95% pure) was 
purchased from Aldrich Chemicals. It was used for AFM tests as larger size of carbon 
black particle was required in AFM experiments while the size of carbon black 
Monarch 1000 was very small (12nm in diameter) so we selected different carbon 
black of larger size. The particles were attached onto the tip of silicone nitride 
cantilever (spring constant of 0.58 N/m). 
3.7 References 
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CHAPTER 4 
ADSORPTION RESULTS AND DISCUSSION 
 
 
 
 
 
The best things in life are free. 
http://www.audioenglish.net/dictionary/adsorption.htm 
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ADSORPTION RESULTS AND DISCUSSION 
The effectiveness of the dispersants used in this study was investigated by constructing 
the adsorption isotherms for each polymer which provides information about how the 
structure of polymer molecule affects adsorption. The effect of the anchoring chain 
and size of the stabilizing chain of non-ionic polymers onto the conformation of the 
polymer molecule onto the adsorbing surface of graphitic carbon black is discussed in 
this chapter.  
4.1   Introduction 
A uniform/homogeneous dispersion of solid particles in a liquid medium by using 
various dispersants has been the key objective of many researchers. The correct 
selection of dispersants/polymers is very important for making a stable dispersion. 
The performance of a non ionic dispersant, in particular to the class of block 
copolymer, depends upon the adsorption affinity of its anchor chain and configuration 
of the stabilising chain which must provide a sufficient steric barrier to prevent 
flocculation. The effectiveness of the dispersant can be determined by studying the 
adsorption mechanism of the dispersant onto the particle surface which gives 
information about the structure of the dispersant and the interactions between the solid 
and dispersants. The various conformations adopted by dispersants onto the interface 
are very important and this depends upon the structure of the dispersant.  
4.2   Surface area measurement of carbon black  
Interpretation of the forthcoming adsorption experiments require information on the 
surface area of carbon black which can be measured by the nitrogen adsorption 
method (BET) and/or methylene blue adsorption method. In the nitrogen adsorption 
method, the surface area of Monarch 1000 was found to be 301 m2/g and porosity was 
0.96 cm3/g. Nitrogen gas has much smaller molecules to adsorb onto the carbon black 
than any polymeric dispersant and is so small that it can reach into the pores of the 
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carbon, so that the gas adsorption surface area is not a good estimate of the surface 
area available to the polymeric dispersant. These pores are inaccessible to the larger 
polymeric molecules used as stabilizing agent in this study. So this is necessary to 
evaluate the actual surface area of carbon black, the so called wet area, available for 
the adsorption of larger polymeric molecules. Therefore a wet surface area was also 
determined, following the method described by Kipling and Wilson [1].  
First of all a calibration curve was constructed for determining the equilibrium 
concentrations of methylene blue in solution. For this purpose calibration solutions of 
known concentrations were prepared by dissolving methylene blue in distilled water 
over the range 1 mg to 50 mg. After 5 minutes manual stirring solutions were shaken 
for about one day to reach equilibrium. Then the absorbance of all calibration 
solutions was measured using UV Spectrophotometer at the wave length of 660 nm 
and a calibration curve was obtained. 
After that solutions of different concentrations of methylene blue and 0.1% by weight 
carbon black were prepared in distilled water. After 30 minutes stirring using a 
Silverson mixer, the solutions were shaken for two days to reach equilibrium. The 
solutions were then centrifuged to obtain clear supernatant liquid. Using the 
calibration curve, equilibrium concentration of methylene blue in the supernatant can 
be determined and hence the amount adsorbed can be estimated.  
The maximum amount adsorbed can be determined by plotting the adsorption 
isotherm. In figure 4.1, the equilibrium concentration of methylene blue is plotted 
versus the amount of methylene blue adsorbed on the surface of carbon black 
particles. At low concentrations of methylene blue, all methylene blue is adsorbed on 
the carbon surface but much more surface area of solid particles remains unadsorbed 
and requires more methylene blue. Further increase in concentration of methylene 
blue provides full coverage of solid surfaces until saturation is achieved. At the 
saturation stage, the adsorbed amount obtained reaches the maximum i.e. Γm = 64.5 
mg/g. By further increasing the concentrations of methylene blue, the amount 
adsorbed does not increase i.e.; all carbon black present had been coated with a 
monolayer of methylene blue and the rest of the methylene blue was going into the 
supernatant (equilibrium concentration).  
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Figure 4.1:  Adsorption isotherm of methylene blue on carbon black (0.10% by weight). 
Solid line is Langmuirian fit using values of K= 0.98 g/mg and Γm = 64.5 mg/g. 
In methylene blue adsorption method, one must assume that all molecules lie flat and 
form monolayer onto the adsorbing surface. The data were applied to the linear form 
of Langmuir equation (equation 2.4) and linear plot of Ce/Γ and Ce shows that 
adsorption isotherms obey the Langmuir equation as shown in figure 4.2 [2].  
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Figure 4.2: Linearized plot of Langmuirian isotherm of methylene blue adsorbing onto 
Monarch 1000 carbon black (0.10% by weight). 
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Kaewaprasit et al [3] has used the following equation for determining the surface area 
using methylene blue adsorption method. 
w
AMBm
s M
NAA ××Γ=                           (4.1) 
As = Surface area available for methylene blue to adsorb, m2/g 
Γm   = Maximum amount of methylene blue adsorbed, mg/g 
AMB = The area covered by one molecule is 1.62 x 10-18 m2  
NA = Avogadro number, 6.02 x 1023 mol-1 
MW = Molecular weight of methylene blue, 373.9 g/mol 
The surface area was found to be 163 m2/g using methylene blue adsorption methods 
[1].  As one would expect, the surface area by methylene blue adsorption method is 
less than that measured by the nitrogen adsorption method. So this is a more accurate 
estimate of the available surface area of the carbon black available for dispersant 
adsorption. 
4.3   Polymer Adsorption Isotherm Determination in 
aqueous medium 
Dispersions of 0.15% by weight carbon black were prepared in water using PE/F 103, 
PE/F 108, Triton X100, Triton X405, NPE 1800, Lugalvan BNO12, SDS and SDBS. 
After 30 minutes stirring using a Silverson mixer, all dispersions were shaken for 
about two days to reach equilibrium. After that all solutions were centrifuged in order 
to separate the carbon black and determine the equilibrium concentration of the 
polymer; however centrifugation alone did not give a clear supernatant at the top of 
the centrifuge tubes and a few carbon black particles were still present. Therefore 
micro filters (Millex Millipore syringe driven filter unit, 0.2 µm) were used to filter 
any remaining carbon black; this procedure gave clear a supernatant. After obtaining a 
clear supernatant the concentration of polymer remaining was determined using a 
UV/vis spectrometer. In the case of PE/F polymeric dispersants a colorimetric method 
was used by forming a coloured complex of iodine (I2) and potassium iodide (KI) [4]. 
For each 10 ml solution of supernatant 0.25 ml of coloured complex consisting of 1 g 
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of I2 and 2 g of KI in 100 ml of distilled water (only stable for one week) was added 
and then the absorbance values were determined using a UV/vis spectrometer at a 
wavelength of 460 nm which was compared with the calibration curves. The 
equilibrium concentrations of NPE 1800 and Triton X100, Triton X405 and Lugalvan 
BNO12 were obtained by measuring the absorbance at 274 nm. For sodium dodecyl 
sulphate, a wavelength was 296 nm [5-6] and for sodium dodecylbenzenesulfonate it 
was 224 nm [7].  
4.4   Adsorption results in aqueous medium 
Adsorption isotherms of the eight dispersants are shown in figures 4.3-4.7. The shape 
of isotherm depends upon the adsorption mechanism but the adsorption isotherms are 
all Langmuirian in this study with an assumption of monolayer surface coverage, high 
affinity type adsorption isotherms typical of polymer and surfactant adsorption to 
colloidal dispersions were obtained. 
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Figure 4.3: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using Lugalvan 
BNO12: a) in weight units, b) in molar units. Solid line is Langmuirian fit using best fitting 
values of K= 0.009 m2/mg and Γm = 4.3 mg/m2 in weight units and K= 5.9 m2/µmol and Γm = 
6.4 µmol/m2 in molar units.  
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Figure 4.4: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using Triton X100 and  
Triton X405: a) in weight units, b) in molar units. Solid line is Langmuirian fit using best 
fitting values of K and Γm. Symbols are:  
       Using Triton X100 (K= 0.054 m2/mg, Γm = 3.1mg/m2 in weight units and K= 34.5 
m
2/µmol, Γm = 4.8 µmol/m2 in molar units).  
       Using Triton X405 ((K= 0.05 m2/mg, Γm = 4.3 mg/m2 in weight units and K= 101.6 
m
2/µmol, Γm = 2.3 µmol/m2 in molar units).  
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Figure 4.5: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using NPE 1800: a) in 
weight units, b) in molar units. Solid line is Langmuirian fit using best fitting values of K= 
0.0.0035 m2/mg and Γm = 4.7 mg/m2 in weight units and K= 7.9 m2/µmol and Γm = 2.1 
µmol/m2 in molar units.  
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Figure 4.6: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using PE/F 103 and 
PE/F 108: a) in weight units, b) in molar units. Solid line is Langmuirian fit using best fitting 
values of K and Γm. Symbols are:  
      Using PE/F 103 (K= 0.013 m2/mg, Γm = 1.25 mg/m2 in weight units and K= 62.6 
m2/µmol, Γm = 0.26 µmol/m2 in molar units). 
      Using PE/F 108 (K= 0.009 m2/mg, Γm = 1.8 mg/m2 in weight units and K= 148 m2/µmol, 
Γm = 0.11 µmol/m2 in molar units). 
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Figure 4.7: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using SDS and SDBS: 
a) in weight units, b) in molar units. Solid line is Langmuirian fit using best fitting values of 
K and Γm. Symbols are:  
      SDBS (K= 0.017 m2/mg, Γm = 0.58 mg/m2 in weight units and K= 4.9 m2/µmol, Γm = 2.0 
µmol/m2 in molar units). 
      SDS (K= 0.0137 m2/mg, Γm = 0.9 mg/m2 in weight units and K= 4.8 m2/µmol, Γm = 2.5 
µmol/m2 in molar units). 
 
The adsorption data ware applied to the linear form of Langmuir equation and linear 
plot of Ce/Γ and Ce shows that adsorption isotherms obey the Langmuir equation 
(equation 2.4) as shown in figure 4.8, figures for all other polymers used in this study 
are given in appendix (figures A1-A7). 
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Figure 4.8: Linearized plot of Langmuirian isotherm of Lugalvan BNO12 adsorbing onto 
Monarch 1000 carbon black (0.15% by weight). 
From these curves we can determine the amount of dispersant adsorbed on the carbon 
black particles, both in molar and weight terms, this information is presented in table 
4.1. It is apparent from the data presented in the following table 4.1 that the anchor 
group plays a significant role in determining the amount of dispersant adsorbed. In six 
non-ionic surfactants the smallest anchor group is the Naphthol group of the Lugalvan 
BNO12 dispersant, followed by the octyl phenol groups of the Triton surfactants, then 
the NPE1800 dispersant, followed by the PE/F dispersants (see table 3.1).  In molar 
terms the amount adsorbed  follows this trend as can be seen in table 4.1; with, for 
example, the Lugalvan BNO12 dispersant having 5.9 µmol.m-2 dispersant adsorbing, 
whilst the PE/F 103 having 0.24 µmol.m-2, a difference by a factor of 25.  It is 
interesting to note that the surface area of a naphthalene molecule is approximately 
0.2 nm2 [8], so that a full coverage of the surface would correspond to approximate 8 
µmol.m-2 i.e. approximately 35 percent higher than what we observe here. It is harder 
to estimate the surface area of 56 units of propylene oxide, but it will be around an 
order of magnitude higher, so that on purely geometrical arguments one may expect 
the degree of adsorption for the PE/F polymers to be an order of magnitude less, 
which is what is in line with the data in table 4.1.  
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Table 4.1: Maximum amount adsorbed of dispersants in water obtained from adsorption 
isotherms on molar and weight basis.  
Γm = maximum amount adsorbed 
 
Dispersant 
Γm (µmol/m2) Γm (mg/m2) 
PE/F 103 0.24 ± 0.02 1.10 ± 0.08 
PE/F 108 0.11 ± 0.01 1.80 ± 0.15 
Triton X100 4.4 ± 0.05 2.8 ± 0.02 
Triton X405 2.0 ± 0.05 3.7 ± 0.05 
NPE 1800 1.8 ± 0.05 4.0 ± 0.08 
Lugalvan BNO12 5.9 ± 0.10 4.0 ± 0.08 
SDS 1.5 ± 0.02 0.43 ± 0.01 
SDBS 1.7 ± 0.05 0.59 ± 0.05 
 
 
However, although the anchoring block of the dispersant is the principal part of the 
polymer which determines the amount adsorbed (in molar terms), the stabilising 
ethyleneoxide part also plays a role. This can be seen best by comparing the 
adsorption of the PE series and Triton X series, where the anchor group is constant, 
but the size of the stabilising part of the polymer changes, table 4.1. Here we can see 
that increasing the stabilising molecular weight decreases the number of molecules 
adsorbing and so we observed lower adsorption amounts (molar terms) for high 
molecular weight Triton X405 (with 40 EO units) and PE/F 108 (296 EO units) as 
compared to low molecular weight Triton X100 (10 EO units) and PE/F 103 (32 EO 
units) respectively. This effect has been observed by others for the adsorption of the 
PE/F polymers (also known as synperonic) and NPE (nonylphenyl ethoxylate) onto 
various surfaces [4, 9-15] but not as far as the author is aware for the Triton X series. 
It would seem that by having a large stabilising group, it is harder for other molecules 
to come and pack tightly on the surface. However in mass terms the trend is the other 
way around. 
Also we observed that the adsorption of surfactants containing an aromatic ring in 
their structure increases (in moles) due to π-π interactions with the graphitic carbon 
black, table 4.1. For example, the synperonic PE series which has polypropylene 
oxide as an anchor group and does not contain any aromatic ring in their anchoring 
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group gave lower adsorption amounts (in moles) as compared to other dispersants 
which contain an aromatic ring (Triton X series (octylphenyl) and NPE 1800 
(nonylphenyl polypropylene)). Also Lugalvan BNO12 containing two benzene rings 
in their anchoring group (naphthol) provided much higher adsorption amounts as 
compared to all other dispersants.  Similar trend was obtained for other two ionic 
surfactants SDS and SDBS. Sodium dodecylsulfate (SDS) is an anionic surfactant 
with a tail of 12 carbon atoms and sulphate group attached to the tail. The alkyl chain 
is adsorbed onto the surface while polar sulphate group is directed towards the 
solvent. Sodium dedecylbenzenesulfonate (SDBS) contains benzene ring in its 
structure which enhanced its adsorption as can be seen in figure 4.7 (b) and/or in table 
4.1. Crystalline carbon has a large number of electrons which provide aromatic 
character to the carbon black so SDBS adsorption is enhanced by the presence of a 
benzene ring compared to SDS. SDBS and Triton X series adsorb by a tail of carbon 
atoms with one benzene ring while stabilising chain is different; EO units act as 
stabilising chain in Triton X series while polar sulphate group act as stabilising 
segment in SDBS which resulted in the lower adsorption of SDBS (polar groups repel 
each other in solvent and prevent from adsorption) as compared to Triton X series. 
Similar trends of adsorption isotherms, for Lugalvan BNO 12 and PE/F 103, were 
observed for bigger size (2-12 µm) graphitic carbon black particles as shown in 
appendix A (figures A8-A9). 
The interpretation of the adsorption experiments may benefit from a theoretical 
analysis by which the configuration of polymeric molecule onto the adsorbing surface 
can be drawn. 
The scaling model or De Gennes theory [16] (explained in chapter 2 under section 
2.1) can be applied for block copolymers which adsorb by an anchor chain and extend 
by hydrophilic chains. By implementing this theory to the block copolymers used in 
this study, the conformation of the polymer molecules, as function of distance 
between anchor chains, also called the grafting density can be suggested. In the case 
of graft copolymers, the distance s between grafting sites is constant but in the case of 
adsorption distance, s, is not constant and varies with respect to the external 
conditions of adsorption. The determination of the cross sectional area of polymer 
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molecule and average separation between adjacent chains helps in interpreting the 
configuration of each polymer onto the surface.  
The calculated values of cross sectional area σc (calculated from equation 2.1) and 
distance s (square root of σc) for all polymers are shown in table 4.2. Also the Flory 
radius (end to end dimension of polymer) calculated from equation 2.2, Rf, has been 
reported in table 4.2. 
Table 4.2: The molecular cross sectional area σc , distance s between adjacent chains for each 
polymer in aqueous medium and Flory radius calculated from equation 2.2.  
Polymer Area per PEO 
chain (σc) 
(nm2) 
Average separation per 
PEO chain (s) 
(nm) 
Flory radius  
Rf               
(nm)
 
PE/F108 12.1 3.47 9.0 
PE/F103 2.13 1.46 2.4 
NPE1800 0.50 0.70 2.1 
Triton X100 0.26 0.51 1.2 
Triton X405 0.8 0.9 2.5 
Lugalvan BNO12 0.22 0.47 1.3 
 
In table 4.2, the cross sectional area per PEO chain (nm2) is increasing with the size of 
stabilizing chain in comparison of Lugalvan BNO12 with PE/F 108. Triton X100 and 
Lugalvan BNO12 has the smaller stabilizing chains so occupying smaller cross 
sectional areas while PE/F108 have larger number of EO units and occupy a larger 
cross sectional area which shows that how stabilizing chain regulates the adsorption 
amounts which is in line with the higher adsorption amounts (molar terms) in case of 
Lugalvan BNO12 with the smaller number of EO units (EO = 12) and PE/F 108 (EO 
= 296) showed lower adsorption amounts due to higher number of EO units. It is 
apparent from higher adsorption amounts that the anchor groups are tightly adsorbed 
onto the surface with smaller distance, s, and these tight anchor groups try to hold EO 
(hydrophilic chains) close together such that EO chains may overlap with adjacent 
chains and hence extend further from the surface and thus occupy smaller cross 
sectional area. On other hand PE/F 108 with larger number of EO units (EO = 296) 
adsorbs less on a molar basis and occupies higher cross sectional area but the 
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adsorbed layer thickness was also higher in PE/F 108 (thickness was calculated from 
rheology in chapter 5). That means the elongation of the stabilizing chain is a function 
of EO units and occurs both parallel to and perpendicular to the adsorbing surface and 
thus depends upon the ratio between distance s of adjacent chains and their thickness 
(further explained in chapter 5 under section 5.7). Similarly Triton X405 and PE/F 
108 with a higher number of EO units showed higher molecular cross sectional areas 
than Triton X100 and PE/F 103 with lower number of EO units respectively, table 
which shows that larger size stabilizing chains stops the tight packing of hydrophobic 
groups onto the surface and occupy larger area, so we may suggest that the size of 
stabilizing chain regulates the number of molecules adsorbed onto the surface as 
mentioned earlier. 
Also by comparing the Flory radius, Rf, given in table 4.2 (calculated from equation 
2.2) with the distance s between grafting sites helps in interpreting the conformation 
of polymer molecule. If the Flory radius (end to end distance of polymer molecule), 
Rf, calculated by Flory Huggins theory, is shorter than the distance s between grafting 
sites, a mushroom like structure is obtained when distance becomes shorter than Rf, 
the chains are forced to stretch into a brush like configuration (see figure 2.2). The 
Flory radius for all polymers is greater than distance s so we can suggest brush 
conformation of polymer molecule onto the adsorbing surface. 
4.5   Polymer Adsorption Isotherm Determination in 
non aqueous medium 
Dispersions of 0.10% by weight carbon black were prepared in decalin and xylene 
using dispersants of different concentrations following the same methodology adopted 
in preparing the dispersions in aqueous medium. Three non-ionic dispersants 
polyhydroxystearic acid (Hypermer LP1), PEG 30 polyhydroxystearic acid 
(Hypermer B246), and polyisobutylene succinimide (OLOA 11000) were selected for 
study in non aqueous media. The wavelength (284 nm) at which these dispersants 
showed maximum absorbance was determined by scanning dispersants solutions 
using UV/vis [17]. For OLOA 11000 absorbance was determined at 215-225 nm [18]. 
 91 
4.6   Adsorption results in non-aqueous media 
Adsorption isotherms of three surfactants in decalin and xylene are shown in figures 
4.9-4.11.  
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Figure 4.9: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using OLOA 11000 in 
decalin and xylene: a) in weight units, b) in molar units. Solid line is Langmuirian fit using 
best fitting values of K and Γm. Symbols are:  
       Decalin (K= 0.25 m2/mg, Γm = 3.33 mg/m2 in weight units and K= 317.5 m2/µmol, Γm = 
2.6 µmol/m2 in molar units).  
       Xylene (K= 0.28 m2/mg, Γm = 3.57 mg/m2 in weight units and K= 355.6 m2/µmol, Γm = 
2.8 µmol/m2 in molar units). 
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Figure 4.10: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using Hypermer 
B246 in decalin and xylene: a) in weight units, b) in molar units. Solid line is Langmuirian fit 
using best fitting values of K and Γm. Symbols are:  
       Decalin (K= 0.0095 m2/mg, Γm = 2.6 mg/m2 in weight units and K= 47.5 m2/µmol, Γm = 
0.52 µmol/m2 in molar units).   
       Xylene (K= 0.008 m2/mg, Γm = 2.56 mg/m2 in weight units and K= 40.6 m2/µmol, Γm = 
0.51µmol/m2 in molar units). 
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Figure 4.11: Adsorption Isotherm of Monarch 1000 (0.15% by weight) using Hypermer LP1 
in decalin and xylene: a) in weight units, b) in molar units. Solid line is Langmuirian fit using 
best fitting values of K and Γm. Symbols are:  
       Decalin (K= 0.0058 m2/mg, Γm = 0.83 mg/m2 in weight units and K= 11.6 m2/µmol, Γm = 
0.42 µmol/m2 in molar units).   
       Xylene (K= 0.0057 m2/mg, Γm = 0.8 mg/m2 in weight units and K= 11.5 m2/µmol, Γm = 
0.41 µmol/m2 in molar units).   
 
The amount of dispersant adsorbed on the carbon black particles, both in molar and 
weight terms are presented in table 4.3.  
Table 4.3: Maximum amount adsorbed of dispersants in non aqueous media obtained from 
adsorption isotherms on molar and weight basis.  
Γmax = maximum amount adsorbed. 
 
 
Dispersant 
Γmax 
(µmol/m2) 
(Decalin) 
Γmax 
(mg/m2) 
(Decalin) 
Γmax 
(µmol/m2) 
(Xylene) 
Γmax 
(mg/m2) 
(Xylene) 
Hypermer LP1    0.34 ± 0.01   0.69 ± 0.03   0.30 ± 0.01   0.61 ± 0.02 
Hypermer B246  0.45 ± 0.01  2.30 ± 0.10  0.42 ± 0.01  2.10 ± 0.10 
OLOA 11000    2.42 ± 0.10   3.00 ± 0.10   2.49 ± 0.15   3.10 ± 0.10 
 
 
Hypermer LP1 is a homopolymer of low molecular weight polyhydroxystearic acid 
while Hypermer B246 is an ABA block copolymer of high molecular weight 
polyhydroxystearic acid-polyethyleneoxide-polyhydroxystearic acid. OLOA 11000 
consists of polar amine group (polyamine) which adsorbs onto the surface and a tail of 
polyisobutylene which is directed towards the solvent.  
Onto hydrophilic particles such as titania, Hypermer LP1 adsorbs most probably by 
the terminal carboxylic acid molecules (i.e. COOH) while long fatty chains go into 
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the solvent to provide steric barrier for polar particles [19]. While for hydrophobic 
particles, for example, the carbon black used in this study, the whole polymer 
molecule may have flatter conformation onto the surface. It is apparent from table 4.3 
that adsorption is a minimum in molar terms for homopolymer Hypermer LP1 as 
compared to other polymers. As the whole polymer molecule has an affinity to adsorb 
onto the surface and by consequence the whole molecule may lay flat onto the surface 
giving smaller adsorption amounts (figure 2.1) and occupying higher cross sectional 
area and larger distance between two anchoring sites, table 4.4. It is also interesting to 
note that in xylene this homopolymer showed lower adsorption which may be 
attributed to the high solvency of the dispersant in xylene than in decalin, table 4.3. 
The presence of a polar component (COOH) provides greater compatibility between 
xylene and dispersant. Therefore dispersant adsorption at the interface is more 
energetically advantageous when dispersed in decalin than in xylene. 
Table 4.4: The molecular cross sectional area, distance s between adjacent chains for each 
polymer in non aqueous media and Flory radius calculated from equation 2.2.  
 
Polymer Area per 
stabilizing 
chain 
(Decalin)  
(σ) (nm2) 
Area per 
stabilizing 
chain 
(Xylene)  
(σ) (nm2) 
Average 
separation 
(Decalin)  
(s) (nm) 
Average 
separation 
(Xylene)     
(s) (nm) 
Flory 
radius  
Rf   (nm) 
Hypermer LP1 5.4 4.8 2.3 2.1 6.0 
Hypermer B246 2.7 3.0 1.6 1.7 8.0 
OLOA 11000 0.4 0.38 0.63 0.62 2.3 
 
 
Hypermer B246, is an ABA block copolymer of polyhydroxystearic acid-
polyethylene oxide-polyhydroxystearic acid. Polyhydroxystearic acid is more soluble 
in decalin and xylene than polyethylene oxide so it may probably act as a stabilising 
chain while polyethylene oxide adsorbs onto the surface. As polyethylene oxide does 
not dissolve in decalin so it adsorbs like PE/F 108 and whole polymer molecule 
adopts ABA configuration with two A’s and one B (figure 2.1 ( c )).  
Table 4.4 shows the polymer molecular cross sectional area, average distance between 
anchoring chains and Flory radius, Rf. It can be seen from table that the Flory radius is 
longer than the distance s between grafting sites in the presence of Hypermer B246 
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and OLOA 11000 which shows that the polymer stabilising chains have brush 
configuration which is an indication of higher adsorption amounts (in molar terms) as 
compared to Hypermer LP1. While Hypermer LP1 is more likely to adsorb on 
graphitic carbon black in loops and trains.  
No significant difference in the adsorbed amounts was observed when Hypermer 
B246 was used in xylene. The minor difference in adsorption amounts in xylene 
might be a consequence of higher solubility of polyhydroxystearic acid and 
polyethylene oxide in xylene and thus reducing the adsorption of polyethylene oxide 
on the interface.  
From table 4.3, it can be seen that the adsorbed amounts are higher in the presence of 
OLOA 11000 (AB block copolymer of polyamine for adsorption and polyisobutylene 
for extending into the solvent) as compared to Hypermer LP1 and Hypermer B246 in 
both solvents suggesting that amine groups have much higher affinity to adsorb onto 
the surface. The presence of amines in the anchoring group results in the better 
wetting of graphitic carbon black surface and thus provides the higher adsorption 
amounts [20]. Kozak et al [21] also found that the adsorption increased in the 
presence of primary and secondary amines in dispersant head group and consequently 
increased the stability of carbon black dispersions.  
Also polyisobutylene equivalently has good solvency in both solvents and so 
occupied constant cross sectional area and constant separation distance between 
adjacent chains in both solvents, table 4.4.  
4.6 Conclusion 
• The adsorption isotherms of all the polymers used in this project followed the 
langmuir equation. 
• The size of EO stabilising chains (polyethylene oxide units) regulates the 
number of molecules adsorbed. The larger stabilizing chain (larger number of EO 
units) makes it harder for other molecules to come and pack tightly onto the surface 
and thus adsorption amount decreases.  
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• An influence of the size of the anchoring group was evidenced by different 
adsorption amounts decreasing in the order of naphthol in Lugalvan BNO12 (the 
smallest anchoring group)< octyl phenyl in Triton < nonyl phenyl polypropylene in 
NPE 1800 < PE in pluronics (the largest anchoring group). 
• The evidence of the effect of aromatic ring in anchoring group was found by 
higher adsorption amounts of Lugalvan BNO12 with two benzene rings in their 
anchoring groups and lower adsorption amounts of PE series without any benzene 
ring in their anchoring chain. The higher adsorbed amounts of SDBS than SDS also 
provided an evidence of the effect of aromatic ring. 
• The structure of polymer regulates the conformation onto the surface. the 
Flory radius is longer than the distance s between grafting sites in the presence of 
Hypermer B246 (ABA block copolymer) and OLOA 11000 (AB copolymer) which 
shows that the polymer stabilising chains have brush configuration which is an 
indication of higher adsorption amounts (in molar terms) as compared to Hypermer 
LP1. The amount of the surfactant corresponds to Гm required to make concentrated 
suspensions can be determined from the adsorption isotherms constructed for each 
polymer. 
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CHAPTER 5 
RHEOLOGY RESULTS AND DISCUSSION 
 
 
 
Something’s end, something’s beginning. 
http://www.great-quotes.com/quote/49960 
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RHEOLOGY RESULTS AND DISCUSSION 
The effectiveness of each polymer as a dispersant was investigated by measuring the 
bulk properties of concentrated suspensions such as viscosity and viscoelasticity. The 
comparison of the viscosity measurements with the Krieger-Dougherty equation gives 
a criterion about the effectiveness of the polymers used in this study. Moreover 
scaling theory provided the information about the effect of polymer molecule 
structure onto the conformation of the adsorbed molecule on the solid surface. 
5.1   Introduction 
The rheological measurements performed during this study involve both steady state 
(viscosity) tests and viscoelastic tests (storage and loss modulus). These 
measurements were used to characterize the dispersions as these measurement 
techniques provide information on the detailed structure of the suspensions and the 
interactions involved that are responsible for the elastic and/or viscous behaviour of 
the dispersion. The effect of polymer and its concentration on the dispersion 
properties was observed by conducting the viscosity measurements while dynamic 
measurements (storage and loss modulus) provided further insights into the dispersion 
properties and so a general behaviour of dispersion can be outlined on the basis of 
these measurements. The adsorbed polymer layer thickness was calculated by using 
rheological measurements which was further used to describe the conformation of the 
adsorbed molecules on the adsorbing surface and thus the stability of the suspension. 
Steady state and oscillatory measurements were carried out with a PAAR UDS 
rheometer using concentric cylinder geometry. The rheometer is capable of varying 
the shear rates in the range of 0.001 to 1000 s-1 and oscillatory strain frequencies in 
the range of 0.001 to 100 Hz.  
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5.2 Sample preparation 
Aqueous dispersions of Monarch 1000 (8-22% by weight) were prepared using eight 
surfactant solutions (PE/F 103, PE/F 108, Triton X100, Triton X405, NPE 1800, 
Lugalvan BNO12, SDS and SDBS) of known concentrations while dispersions of 
Monarch 1000 (8-22% by weight) were prepared in decalin and xylene using three 
surfactant solutions (Hypermer LP1, Hypermer B246 and OLOA 11000) of known 
concentrations.  
The dispersions were first stirred manually and then in a Silverson mixer for about 
one hour followed by ball milling for 16 hours. After screening the beads using a 
mesh screen, the dispersions were taken for rheological experiments. The carbon 
black particles used for making the dispersions were agglomerated and settled very 
quickly, these agglomerates may be broken down by the Silverson mixer to some 
extent but this shear force is too weak to break the agglomerates sufficiently, whilst 
the bead mill converted the agglomerates into their constituent particles by breaking 
down the agglomerates. Bead milling for larger than 16 hrs did not result in any 
change in the viscosity.  
5.3   Steady shear tests 
Initially the effect of dispersant concentration on the rheological properties of the 
carbon black dispersions was determined figures 5.2-5.6. First of all aqueous 
dispersions of carbon black were prepared using PE/F 103, PE/F 108, NPE 1800, 
Triton X100, Triton X405 and Lugalvan BNO12 while non aqueous dispersions were 
made using Hypermer LP1, Hypermer B246 and OLOA 11000 at the various 
dispersant concentrations and fixed concentration of carbon black following the 
methodology given in section 5.2. After that the dispersions were subjected to 
increasing shear rates (0.01 to 1000/s) for 30 minutes using the concentric cylinder 
geometry on the rheometer and the viscosity of the dispersions was determined over 
this range of shear rate.  
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5.4 The effect of adsorbed polymer 
The effect of surfactant concentration on the steady shear viscosity of 10 % by 
volume carbon black dispersions versus shear rate is shown in figure 5.1. It can be 
seen that the high viscosity values were obtained at lower dispersants concentrations 
at low shear and even at high shear rate, as compared to dispersants prepared at higher 
surfactant concentrations. The viscosity versus shear rate has two regions, the low 
shear region and high shear region where viscosity remains constant while it varies in 
between these regions. This effect is more pronounced at lower surfactant 
concentrations. The minimum viscosity was obtained at a surface coverage of 3.9 
mg/m2 and the surfactant concentration at this surface coverage can be taken as an the 
optimum concentration. 
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Figure 5.1: The dependence of viscosity of carbon black dispersions (volume fraction=0.10) 
versus shear rate at different concentrations of surfactant (Lugalvan BNO12).  Symbols are: 
    The surface coverage is  3.1 mg/m2 
    The surface coverage is  3.5 mg/m2 
    The surface coverage is  3.9 mg/m2 
    The surface coverage is  4.1 mg/m2 
 
The high shear rate limiting viscosity (at 672 s-1) has been plotted versus the surface 
coverage at a fixed concentration of carbon black in figures 5.2-5.6. Flocculated 
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dispersions in case of PE/F 103, PE/F 108 and Hypermer LP1 made the measurements 
of viscosity difficult so the figures below have been plotted only for ‘good’ 
dispersants (explained later in this chapter).  
Dispersions of high viscosities were obtained at surfactant concentrations lower and 
higher than the optimum obtained from the adsorption isotherms. High viscosity was 
due to incomplete surface coverage at lower surfactant concentrations which made the 
particles flocculated. The adsorbed layer thickness reduces in the case of incomplete 
surface coverage and this reduced thickness is not sufficient to provide a steric barrier 
to overcome attractive van der Waals forces and in consequence flocculation of 
particles takes place. The viscosity decreased by further increasing the concentration 
of surfactant and the minimum viscosity, ηmin , was obtained at that concentration of 
surfactant which was slightly lower than the optimum concentration (Гm) which was 
obtained from the adsorption isotherms (tables 5.1 and 5.2 show the optimum 
concentrations of surfactants used in this study obtained from adsorption isotherms 
and rheology). In tables 5.1 and 5.2, the optimum concentration of surfactant that was 
obtained from rheology was lower than the optimum concentration that was obtained 
from adsorption isotherms and this difference in optimum concentrations was 
consistent for all surfactants. Beyond the optimum concentration of surfactant which 
was obtained from rheology, the viscosity further increased due to the increased 
adsorbed layer thickness increasing the effective volume fraction of the carbon black 
(see section 5.5 for further details). Saito et al [1] and Naden [2] observed similar 
effect of concentration of surfactant on the viscosity of suspensions.  
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Figure 5.2: High shear rate (672 1/s) viscosity of carbon black Monarch 1000 (volume 
fraction=0.10) dispersions versus the surface coverage using Lugalvan BNO12. 
 
Figure 5.3: High shear rate (672 1/s) viscosity of carbon black dispersions versus the surface 
coverage using Triton X100 and Triton X405. Symbols are: 
       Monarch 1000 (volume fraction=0.11) using Triton X100.  
       Monarch 1000 (volume fraction=0.10) using Triton X405. 
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Figure 5.4: High shear rate (672 1/s) viscosity of Monarch 1000 (volume fraction=0.10) 
dispersions versus the surface coverage using NPE 1800. 
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Figure 5.5: High shear rate (672 1/s) viscosity of carbon black (volume fraction=0.09) 
dispersions versus the surface coverage using OLOA 11000. Symbols are: 
       Decalin.  
       Xylene 
ηmin 
ηmin ηmin 
105 
 
 
0
2
4
6
8
10
12
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Surfactant (mg/m2)
vi
sc
o
si
ty
 
(m
Pa
s)
 
Figure 5.6: High shear rate (672 1/s) viscosity of carbon black (volume fraction=0.05) 
dispersions versus the surface coverage using Hypermer B246. Symbols are: 
       Decalin.  
       Xylene 
Having established the optimum dispersant concentration, all subsequent data have 
been obtained at that optimum concentration (i.e. at the dispersant concentration 
corresponding to the minimum in the viscosity).   
Following tables 5.1 and 5.2 gives the difference in optimum concentrations of 
dispersants obtained from adsorption isotherms and rheology experiments.  
Table 5.1: Comparison of optimum concentration of polymers obtained from adsorption 
isotherms and rheology measurements of aqueous carbon dispersions. 
Polymer Optimum Concentration 
from Adsorption, 
Гm (mg/m2) 
Optimum Concentration 
from Rheology, 
ηmin (mg/m2) 
Triton X100 2.8 2.6 
Triton X405 3.7 3.6 
NPE 1800 4.0 3.8 
Lugalvan BNO12 4.0 3.9 
 
ηmin 
ηmin 
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Table 5.2: Comparison of optimum concentration of polymers obtained from adsorption 
isotherms and rheology measurements of non aqueous carbon dispersions. 
Polymer Optimum 
Concentration  
from 
Adsorption, 
Гm (mg/m2) 
(Decalin) 
Optimum 
Concentration 
from Adsorption, 
Гm (mg/m2) 
(Xylene) 
Optimum 
Concentration 
from 
Rheology, 
ηmin (mg/m2) 
(Decalin) 
Optimum 
Concentration 
from 
Rheology, 
ηmin (mg/m2) 
(Xylene) 
Hypermer B246 2.3 2.1 2.0 1.8 
OLOA 11000 3.0 3.1 2.8 3.0 
 
5.4 The effect of volume fraction (Φ) of carbon black  
Solid-liquid dispersions show shear thinning behaviour (viscosity decreases with the 
increase of shear rate) which becomes more evident at higher volume fractions. 
Figure 5.7 best illustrates this behaviour where the viscosity of dispersions of varying 
volume fractions of carbon black prepared by using Lugalvan BNO12 at its optimum 
concentration has been plotted versus shear rate. Two linear regions are found by 
plotting the viscosity versus shear rate i.e. low shear limit viscosity and high shear 
limit viscosity. The viscosity decreases markedly at high shear rate due to the 
alignment of the particles with the shear plane in hexagonally packed layers and is 
termed the high shear limiting viscosity [2]. This pseudo-Newtonian behaviour for 
other polymers has been shown in appendix A (figures A10-A18). The viscosity 
measurements in the linear region helps in collecting and treating the data 
independent of flow conditions and thus theoretical treatment of viscosity versus 
volume fraction can be used.  
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Figure 5.7: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using Lugalvan BNO12 
(3.9 mg/m2) .  Symbols are: 
Φ = 0.09  
+          Φ = 0.10 
Φ = 0.12 
Φ = 0.13  
Φ = 0.15 
 
Figures 5.8-5.10 and 5.11-5.13 show the relative high and low shear viscosity data 
respectively in aqueous and non aqueous medium versus volume fraction, also plotted 
on these graphs is the relative viscosity calculated from the Krieger-Dougherty, 
equation [3] given below (see chapter 2 for further details).  
[ ] p
p
r
φη
φ
φη
−








−= 1
                                        
                   
(5.1)
 
Where [η] is the intrinsic viscosity and it lies in the range of 2.5-3.0 in case of most of 
the solid-liquid dispersions, φ  is the core volume fraction and pφ  is the maximum 
theoretical volume fraction which can be found from literature depending upon the 
system (it ranges from 0.5 to 0.75 for most of the solid-liquid dispersions) [3]. 
This analytical equation was used to express the effect of volume fraction on the 
viscosity only in the linear region of the low and high shear limiting viscosity. The 
viscosity increases steadily with the volume fraction as shown in figures 5.8-5.13 
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where the low and high shear rate viscosities have been plotted versus the particle 
volume fraction for all polymers used in this study. The Krieger-Dougherty predicts 
that at low volume fractions the viscosity of the suspension increases, but not by that 
much. For example, to describe the viscosity of the suspension above that of the 
solvent, a volume fraction of ~ 0.25 is required. However as the volume fraction of 
particles approaches the maximum experimental volume fraction, Φm , the viscosity 
increases very significantly.  
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Figure 5.8: High shear rate (672 1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in water. Symbols are:  
Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5).  
PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
Triton X100 (2.6 mg/m2).  
NPE 1800 (3.8 mg/m2).  
Triton X405 (3.6 mg/m2).  
Lugalvan BNO12 (3.9 mg/m2).  
 +      SDBS (0.59 mg/m2) 
SDS (0.43 mg/m2) 
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Figure 5.9: High shear rate (672 1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in decalin. Symbols are:  
Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5).  
Hypermer LP1 (0.69 mg/m2).  
          Hypermer B246 (2.0 mg/m2). .  
OLOA 11000 (2.8 mg/m2).  
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Figure 5.10: High shear rate (672 1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in xylene. Symbols are:  
Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5).  
       Hypermer LP1(0.61 mg/m2). 
Hypermer B246 (1.8 mg/m2). .  
OLOA 11000 (3.0 mg/m2).  
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Figure 5.11: Low shear rate (1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in water. Symbols are:  
        Krieger-Dougherty equation (Φp = 0.6 and [η] = 3.0).  
        PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
Triton  X100 (2.6 mg/m2).  
NPE 1800 (3.8 mg/m2).  
Triton X405 (3.6 mg/m2).  
Lugalvan BNO12 (3.9 mg/m2).  
 +      SDBS (0.59 mg/m2) 
SDS (0.43 mg/m2) 
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Figure 5.12: Low shear rate (1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in decalin. Symbols are:  
        Krieger-Dougherty equation (Φp = 0.6 and [η] = 3.0).  
Hypermer LP1 (0.69 mg/m2).  
          Hypermer B246 (2.0 mg/m2).  
OLOA 11000 (2.8 mg/m2).  
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Figure 5.13: Low shear rate (1/s) viscosity of carbon black (Monarch 1000) dispersions 
versus volume fractions of solids in xylene. Symbols are:  
Krieger-Dougherty equation (Φp = 0.60 and [η] = 3.0).  
        Hypermer LP1 (0.61 mg/m2). 
Hypermer B246 (1.8 mg/m2). .  
OLOA 11000 (3.0 mg/m2).  
 
Initially, the exponent of the Krieger-Dougherty equation was fixed by making a 
general assumption for the values of Φp and [η], and then the experimental maximum 
core volume fraction (Φm) was calculated by extrapolating (ηr)-1/[η]Φp   versus Φ to 
zero, an example for calculating Φm is given in figure 5.14 using Lugalvan BNO12 
(figures are given in appendix A for all the other polymers used in this study, A19-
A27). We assumed Φp [η] =1.625 by selecting Φp = 0.65 and [η] = 2.5 for the high 
shear viscosity region and Φp [η] =1.8 by selecting Φp = 0.6 and [η] = 3 for the zero 
shear viscosity region. 
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Figure 5.14: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using 
Lugalvan BNO12 (3.9 mg/m2). Symbols are: 
Low shear rate  
High shear rate 
After that Φp the maximum theoretical packing fraction, was compared with Φm the 
maximum experimental volume fraction so that the adsorbed layer thickness, δ of 
polymers around the particle can be calculated as given below [4]. 
( )[ ]R
m
p δ+=
Φ
Φ 1
3
                                                           (5.2)  
So that δ is given as: 
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              (5.3) 
The contribution from the adsorbed polymer layer to the correct hydrodynamic 
volume fraction should be considered in predicting the viscosity from the Krieger-
Dougherty equation; since it is the volume of the flowing particle which contributes to 
the viscosity. Therefore Φ  can be converted into the effective volume fraction Φ′ , 
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constituting the core volume of particles plus the hydrodynamic volume of adsorbed 
polymer layer through the equation: 
( )[ ] Φ+=Φ′ 31 Rδ                           (5.4) 
Where δ is the adsorbed polymer layer thickness and R is radius of particle. By 
following this procedure, the exponent of the Krieger-Dougherty equation can be 
adjusted until the best fit of the experimental data with the Krieger-Dougherty 
equation is obtained. This approach has been widely adopted in the literature. For 
example, Prestidge and Tadros [4] extrapolated (ηr)-0.5 vs Φ to zero assuming   Φp [η] 
=2. Goodwin and Ottewill [5] plotted (ηr)-0.662 versus Φ for the fit of their experiments 
assuming Φp = 0.604 and [η] = 2.5. Faers [6] reported Φp = 0.67 and 0.6 for high and 
low shear viscosity region respectively for latex suspensions while Kruif et al [7] 
plotted relative viscosity in high and low shear region taking maximum packing 
fraction 0.71 and 0.63 respectively for sterically stabilized hard sphere silica 
suspensions in cyclohexane. Krieger [3] reported Φp =0.632 and [η] =3.13 in low 
shear region for hard sphere systems. The adsorbed layer thicknesses δ, Φm and Φ´ of 
good stabilizers for carbon black (Monarch 1000) estimated in this way, are shown in 
table 5.3-5.5. 
Table 5.3: Adsorbed layer thickness, Φm and Φ′ for Monarch 1000 in the presence of Triton 
X100, Triton X405, NPE 1800, Lugalvan BNO12, SDS and SDBS. 
 
  Dispersant 
At high Shear 
Φp = 0.65, [η] = 2.5 
At low Shear 
Φp = 0.6, [η] = 3 
Φm Φ′
 
δ (nm) Φm Φ′  δ (nm) 
Triton X100  0.157 0.
 
49 3.6 0.14 0.50 3.7 
Triton X405  0.15 0.50 3.7 0.13 0.51 3.9 
NPE 1800  0.15 0.50 3.6 0.14 0.5 3.6 
Lugalvan BNO12  0.185 0.53 3.1 0.15 0.52 3.5 
SDS 0.15 0.42 3.7 0.137 0.47 3.9 
SDBS 0.158 0.49 3.6 0.15 0.48 3.5 
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Table 5.4: Adsorbed layer thickness, Φm and Φ′ for Monarch 1000 in the presence of 
Hypermer B246 and OLOA 11000 in decalin. 
  Dispersant 
At high Shear 
Φp = 0.65, [η] = 2.5 
At low Shear 
Φp = 0.6, [η] = 3 
Φm Φ′
 
δ (nm) Φm Φ′  δ (nm) 
Hypermer B246 0.12 0.48 4.5 0.118 0.45 4.3 
OLOA 11000 0.13 0.54 4.2 0.127 0.5 4.0 
 
Table 5.5: Adsorbed layer thickness, Φm and Φ′ for Monarch 1000 in the presence of 
Hypermer B246 and OLOA 11000 in xylene. 
  Dispersant 
At high Shear 
Φp = 0.65, [η] = 2.5 
At low Shear 
Φp = 0.6, [η] = 3 
Φm Φ′
 
δ (nm) Φm Φ′  δ (nm) 
Hypermer B246 0.14 0.45 3.6 0.14 0.43 3.7 
OLOA 11000 0.142 0.54 3.7 0.14 0.5 3.7 
Figures 5.8-5.10 and 5.11-5.13 (where viscosity has been plotted versus volume 
fraction using different surfactants at their optimum concentration) shows that high 
and low shear viscosity values do not correspond exactly to the Krieger Dougherty 
equation when plotted against the volume fraction of core of the carbon black (Φ) 
using any of the dispersants, however by taking into account the thickness of the 
adsorbed polymer layer, much closer correspondence of the viscosity to the Krieger-
Dougherty is observed, for the Triton X100; Triton X405, NPE 1800, Lugalvan 
BNO12, SDS, SDBS, Hypermer LP1, Hypermer B246 and OLOA 11000 as shown in 
figures 5.15-5.17 and 5.18-5.20. (We actually observe better fitting of the Krieger 
Dougherty equation by decreasing the Φp from 0.65 to 0.56 and increasing [η] from 
2.5 to 2.7 at high shear rate and Φp from 0.6 to 0.5 at low shear rate but we have not 
pursued this as it is hard to see any physical meaning to these values, other than the 
non sphericity of the particles (which cannot be quantified)). 
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Figure 5.15: High shear rate viscosity of carbon black (Monarch 1000) dispersions) versus 
effective volume fractions of solids in water.  Symbols are:  
        Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5). 
          PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
Triton  X100 (2.6 mg/m2).  
NPE 1800 (3.8 mg/m2).  
Triton X405 (3.6 mg/m2).  
Lugalvan BNO12 (3.9 mg/m2).  
+       SDBS (0.59 mg/m2) 
SDS (0.43 mg/m2) 
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Figure 5.16: Low shear rate viscosity of carbon black (Monarch 1000) dispersions) versus 
effective volume fractions of solids in water.  Symbols are:  
        Krieger-Dougherty equation (Φp = 0.6 and [η] = 3.0).  
        PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
Triton  X100 (2.6 mg/m2).  
NPE 1800 (3.8 mg/m2).  
Triton X405 (3.6 mg/m2).  
Lugalvan BNO12 (3.9 mg/m2).  
+        SDBS (0.59 mg/m2) 
SDS (0.43 mg/m2) 
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Figure 5.17: High shear rate viscosity of carbon black (Monarch 1000) dispersions versus 
effective volume fractions of solids in decalin. Symbols are:  
Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5).  
Hypermer LP1 (0.69 mg/m2).  
          Hypermer B246 (2.0 mg/m2). 
OLOA 11000 (2.8 mg/m2).  
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Figure 5.18: Low shear rate viscosity of carbon black (Monarch 1000) dispersions versus 
effective volume fractions of solids in decalin. Symbols are:  
        Krieger-Dougherty equation (Φp = 0.6 and [η] = 3.0).  
Hypermer LP1 (0.69 mg/m2).  
          Hypermer B246 (2.0 mg/m2).  
OLOA 11000 (2.8 mg/m2).  
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Figure 5.19: High shear rate viscosity of carbon black (Monarch 1000) dispersions versus 
effective volume fractions of solids in xylene. Symbols are:  
Krieger-Dougherty equation (Φp = 0.65 and [η] = 2.5).  
        Hypermer LP1 (0.61 mg/m2). 
Hypermer B246 (1.8 mg/m2). 
OLOA 11000 (30  mg/m2).  
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Figure 5.20: Low shear rate viscosity of carbon black (Monarch 1000) dispersions versus 
effective volume fractions of solids in xylene. Symbols are:  
        Krieger-Dougherty equation (Φp = 0.6 and [η] = 3.0).  
        Hypermer LP1 (0.61 mg/m2). 
Hypermer B246 (1.8 mg/m2). 
OLOA 11000 (3.0 mg/m2).  
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For the graphitic carbon black studied here, in an aqueous medium, neither PE/F 103, 
nor PE/F 108 showed good agreement with the Krieger-Dougherty equation; the 
viscosities were all much higher than that predicted by that equation. These high 
viscosities were due to flocculation of the particles. This was somewhat surprising as 
Miano et al [8] found that both polymers were good stabilizers for amorphous carbon 
black. The other four dispersants Triton X100, Triton X405, NPE 1800 and Lugalvan 
BNO12 proved to be good stabilizers for crystalline graphitic carbon black as they 
made dispersions of lower viscosities. The four good dispersants, namely Triton 
X100, Triton X405, NPE 1800 and Lugalvan BNO12, all have some aromatic 
functionality in their anchoring group, whilst the PE/F 103, PE/F 108 polymers only 
have propyleneoxide moieties in their anchoring group. We note that Lin and Xing [9] 
investigated the adsorption affinity of aromatic groups to carbon nanotubes which 
increased with increasing number of aromatic groups, with an order of cyclohexanol < 
phenol < phenylphenol< naphthol. They concluded that π-π interactions were 
supportive for adsorption affinity of aromatic rings onto the carbon nanotubes surface 
and that pi-pi interaction increases with aromaticity. In the same way Lugalvan BNO12 
possessing two aromatic rings produced dispersions of the lowest viscosity values as 
compared to other dispersants consisting of one aromatic ring. In order to demonstrate 
the effect of aromaticity two dispersants, SDBS with benzene ring and SDS without 
benzene ring in anchor chain, were selected and their rheology was studied in water in 
the same manner as for other dispersants. However after investigating the rheological 
results it is clear that both are effective stabilizers but the maximum volume fraction 
Φm is somewhat greater for SDBS as compared to SDS (table 5.1) suggesting that it is 
a slightly better dispersant than SDS.  
In non aqueous media, Hypermer LP1 did not show good agreement with the Krieger-
Dougherty equation; the viscosities were all slightly higher than that predicted by that 
equation. These high viscosities were again due to flocculation of the particles. This 
was somewhat surprising as Ainsley et al [16], Jang et al [10] and Naden [2] found 
that polymer Hypermer LP1 was a good stabilizer for alumina, ceramic powders 
(BaTiO3) and titania surfaces respectively. However these are all inorganic oxide 
particles and are hydrophilic. The other two dispersants Hypermer B246 and OLOA 
11000 proved to be good stabilizers for crystalline graphitic carbon black as they 
made dispersions of lower viscosities. That means homopolymer Hypermer LP1 is 
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more suitable for polar particles as mentioned in above references but not effective for 
hydrophobic surfaces. For hydrophobic surfaces a dispersant with block copolymer 
structure is required rather than homopolymer. The other two good dispersants, 
namely Hypermer B246 and OLOA 11000 are block copolymers providing sufficient 
steric stabilizing layer. Viscosity values of dispersions in xylene were slightly less 
than in decalin but we did not observe any significant difference in results which 
showed that aromaticity of solvent does not play much role in dispersing the graphitic 
carbon black. 
5.6   Oscillatory tests 
Viscoelastic properties of the carbon black aqueous dispersions stabilised using Triton 
X100, Triton X405, NPE 1800 and Lugalvan BNO12 and non aqueous dispersions 
stabilised by using the Hypermer B246 and OLOA 11000 were investigated by 
oscillatory shear measurements. Initially a strain sweep test was undertaken which 
ensures that the applied amplitude is in the linear viscoelastic region whereby the 
amplitude of the strain was ramped on the fully structured samples in order to 
determine the critical strain, where G' (elastic modulus) and G'' (loss modulus) begin 
to be dependent on the strain and start to decrease. This test enabled us to measure the 
linear viscoelastic region so that a fixed strain in the linear region could be used for 
further experiments [10]. Figure 5.21 describes the variation of storage modulus with 
strain at a frequency of 1Hz for different volume fractions of carbon black using 
Triton X405. At lower values of strain, the modulus is independent of strain, and 
starts decreasing after a critical strain where breakdown of structure starts (see broken 
line of figure 5.21). Also the critical strain is approximately constant at each volume 
fraction and ranges between 0.08-0.1% which shows that critical strain was not 
significantly affected with the volume fraction so an average value of the range given 
above i.e. 0.09% was selected for each polymer.  
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Figure 5.21: The effect of strain (%) on the storage modulus (Pa) of suspension using Triton 
X405 (3.6 mg/m2) at different volume fractions of carbon black. Symbols are:  
     volume fraction = 0.09 
        volume fraction = 0.11 
        volume fraction = 0.138 
After determining the linear viscoelastic region, the dispersions were subjected to the 
varying frequency in the range of 0.01-100 Hz while keeping the strain fixed and the 
mechanical properties (storage modulus and loss modulus) were measured for 
different volume fraction of carbon black particles. 
In a frequency sweep test, as an example, figure 5.22 shows the variation of G' with 
frequency at different volume fractions of carbon black in the presence of Triton 
X405 in water and this behaviour is similar for all dispersants used (figures A28-A35 
are given in the appendix A). G' increases rapidly with the frequency at lower volume 
fractions while it becomes less pronounced at higher volume fractions. At high 
volume fraction the dispersions behave like a nearly elastic material so G' becomes 
independent of frequency at higher volume fractions because the inter particle 
distance decreases as volume fraction increases and PEO chains come more 
frequently into contact, resulting in increased the repulsive interactions. At lower 
volume fraction (Φ = 0.11), G'' is greater than G' at all frequencies showing fluid-like 
behaviour. Further increase in the volume fraction (Φ = 0.14) increased the value of 
G', and more significantly G' became greater than G'' at higher frequencies. By further 
γc 
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increasing the volume fraction (Φ = 0.145), G' became greater than G'' at all 
frequencies showing elastic behaviour, as the distance between the particles decreased 
further at higher volume fraction and polymeric layers come into contact more 
frequently and produce more strongly repulsive interactions, increasing the elastic 
behaviour of system. Similar observations were observed by Song et al [11] on carbon 
nanotubes. 
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Figure 5.22: Storage modulus, solid symbols and loss modulus, open symbols of carbon 
black (Monarch 1000) dispersion using Triton X405 (3.6 mg/m2) versus the frequency at 
different volume fractions. Symbols are: 
     Storage modulus, volume fraction 0.145; □ Loss modulus volume fraction 0.145 
Storage modulus, volume fraction 0.14; ∆ Loss modulus volume fraction 0.14 
Storage modulus, volume fraction 0.11; ○ Loss modulus volume fraction 0.11 
Figures 5.23 and 5.24 plot the storage and loss modulus versus volume fraction of 
aqueous carbon black dispersions show some general features of aqueous carbon 
black dispersions prepared using Triton X405, NPE 1800 and Lugalvan BNO12. The 
effect of volume fraction on G' and G'' at a frequency of 1 Hz can be outlined. These 
results obtained are at the full coverage of particles by the polymers. Similar results 
were observed for carbon black non aqueous dispersions using Hypermer B246 and 
OLOA 11000, figures 5.25 and 5.26.  
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Figure 5.23: Storage modulus of aqueous carbon black suspensions versus volume fraction of 
carbon black (Monarch 1000). Symbols are:  
      Triton  X100 (2.6 mg/m2). 
    Triton X405 (3.6 mg/m2).  
     NPE 1800 (3.8 mg/m2). 
      Lugalvan BNO12 (3.9 mg/m2). 
       PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
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Figure 5.24: Loss modulus of aqueous carbon black suspensions versus volume fraction of 
carbon black (Monarch 1000). Symbols are: 
      Triton  X100 (2.6 mg/m2). 
      Triton X405 (3.6 mg/m2).  
      NPE 1800 (3.8 mg/m2). 
      Lugalvan BNO12 (3.9 mg/m2). 
        PE/F 103 (1.1 mg/m2). 
PE/F 108 (1.8 mg/m2).  
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Figure 5.25: Storage modulus versus volume fraction of carbon black (Monarch 1000) in 
xylene. Symbols are:  
Hypermer LP1 (0.61 mg/m2).  
          Hypermer B246 (1.8 mg/m2). .  
OLOA 11000 (3.0 mg/m2).  
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Figure 5.26: Loss modulus versus volume fraction of carbon black (Monarch 1000) in 
xylene. Symbols are: 
        Hypermer LP1 (0.61 mg/m2). 
Hypermer B246 (1.8 mg/m2). .  
OLOA 11000 (3.0 mg/m2).  
  
The behaviour of G' and G'' for all dispersants is the same as G' is greater than G'' for 
all surfactants at volume fraction Φ = 0.13-0.14  for Triton X100, Triton X405, NPE 
1800 and Lugalvan BNO12 while Φ = 0.11-0.12  was observed for Hypermer B246 
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and OLOA 11000 . The cross-over of elastic and viscous moduli is a consequence of 
the occurrence of particle interactions. That means the dispersion shows 
predominantly an elastic response, energy dissipation is not significant; the system 
shows repulsive interactions, stores most of the energy and behaves like an elastic 
material. When chains of the polymer/dispersant adsorbed onto the particle surface 
interact, repulsive forces are produced from the entropic forces caused by the 
compression of the polymer chains. At lower volume fractions G' and G'' increase 
very slowly as inter-particle distance is larger and the adsorbed polymer layers on the 
particles do not come into contact so often. On increasing the volume fraction G' and 
G'' increase as inter-particle distance is reduced and the adsorbed layers on the 
particle surfaces come more frequently into contact, generating a strong repulsive 
interaction which increases the elastic behaviour of the dispersions, Park et al [12]. 
Moreover, for the high molecular weight Triton X405, G' becomes larger than G'' at 
lower volume fraction due to increased adsorbed polymer layer thickness. The slope 
of G' versus Φ reduces for high molecular weight surfactant (with more ethylene 
oxide units per chain adsorbed) which shows the rigid behaviour of lower molecular 
weight surfactants bearing a lower number of ethylene oxide units. 
The results achieved for PE series (PE/F 103 and PE/F 108) and Hypermer LP1 were 
different and these dispersants showed a lower frequency cross-over of G' .The 
aggregation of carbon black bearing these PE/F 103 and Hypermer LP1, which made 
the measurements of steady state viscosity difficult, was due to the too thin adsorbed 
polymer layer thickness. While the flocculation of particles bearing PE/F 108 could 
be due to the improper balance between hydrophobic polypropylene oxide chains and 
stabilizing polyethylene oxide chains which have some affinity to adsorb onto the 
surface and can desorb polypropylene oxide. The behaviour of Lugalvan BNO12 can 
be compared with Triton X100 with an equivalent number of ethylene oxide units (12 
for Lugalvan BNO12 and 10 for Triton X100) and they both showed higher cross over 
of G' and G'' as compared to NPE 1800 and Triton X405, with 27 EO units in former 
and 40 EO units for later surfactant, which showed cross over G' and G'' at lower 
volume fractions and this could be due to the increased adsorbed layer thickness. 
Hence, the cross-over (onset of rapid increase) of G' versus volume fraction can be 
determined by the thickness of adsorbed polymer layer, i.e., by the length of the EO 
units, only for stable dispersions. 
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The maximum packing fraction can be estimated by the extrapolation of G'-1/2versus 
Φ (figures A36-37 in appendix) and consequently adsorbed layer thickness can be 
calculated for each polymer, these results are reported in table 5.6. These values of 
adsorbed polymer layer thickness δ can be compared to those calculated from steady 
state measurements; the values of adsorbed polymer layer thickness δ were lower in 
viscoelastic tests for all polymers suggesting the reasonable compression of polymer 
chains at rest. While Miano [8] reported lower value of δ in steady state 
measurements than dynamic measurements for PE/F 108 and NPE C (with 175 EO 
units) which illustrate that some attractive forces between particles may be present 
and cause an early rise of G' and G''. These attractive bonds are presumably broken 
under high shear rate. We observed strong attraction between particles coated with 
PE/F 103, PE/F 108 and Hypermer LP1 as they had early rise of  G' and G'' . 
Finally, the behaviour of these dispersions was similar to that reported by Liang et al 
[13] for sterically stabilized dispersions and differs with respect to the structure of the 
polymer. 
Table 5.6: The adsorbed layer thickness and apparent maximum packing fraction of carbon 
black in the presence of effective stabilizers estimated from the cross over point of G' and G'' . 
Surfactant Φm δ (nm) 
Triton X100 0.16 3.5 
Triton X405 0.155 3.6 
NPE1800 0.16 3.5 
Lugalvan BNO12 0.187 3.0 
Hypermer B246 0.135 3.6 
OLOA 11000 0.145 3.5 
5.7   Scaling analysis of polymer configuration 
Some features of the conformation of polymer adsorbed on carbon black can be 
described by scaling the adsorbed polymer layer thickness with the number of EO 
units in the stabilising chain using the scaling principles of De Gennes [14] and by 
recalling the description of the polymer adsorption, i.e. the amount of adsorption 
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depends upon the number of EO units and anchoring group size. In table 5.7, the area 
per PEO chain σ for each polymer and the distance s between adjacent chains (from 
adsorption data), and the experimentally determined adsorbed layer thickness δ (mean 
value of thickness determined from steady shear, oscillatory and AFM, detailed in 
chapter 7) are reported. The measurement of true value of adsorbed layer thickness for 
PE/F 103 was not possible by rheology and AFM due to strong flocculation while 
value for PE/F 108 was obtained from AFM (detailed in chapter 7). The adsorbed 
layer thickness from rheology and AFM experiments (table 5.7) was larger than the 
average distance s (square root of the cross sectional area σc of one PEO chain, 
reported in table 4.2) between the adjacent chains so the possibility of mushroom 
conformation can be excluded and we can assume the brush like conformation where 
chains are stretched out and can be described in terms of linear sequence of blobs 
(number of coils) of size s consisting of number of monomer units (ns). The brush 
thickness δ can be calculated from the sum of N/ns (coils of size s) from the following 
equation [8]. 
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Where a is the monomer size. 
The experimental values of σ and δ reported in table 5.7 show that the increase of EO 
units generates the extension of the adsorbed polymer layer in both x-y axis i.e., both 
perpendicular to and parallel to the surface.  
For example, by assuming a cylindrical shape of one adsorbed molecule on the basis 
of a brush like conformation of polymer chains, the molecule can be divided into 
number of coils or ‘blobs’ of diameter s equal to that of the cylinder. Each coil 
contains a number of monomer units of size a (figure 5.27) [15]. The blobs are 
extended perpendicular to the surface and their configuration (more or less extended 
brush like) depends upon the ratio of height δ and diameter s. So the ratio of δ/s will 
define the number of blobs which make up the chain and is approximately constant 
for each polymer as reported in table 5.6 and from the constancy of coils, we may 
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envisage that the conformation of each adsorbed molecule depends upon the structure 
of the molecule rather than its molecular weight.  
 
   
 
 
 
Figure 5.27: Schematic representation of adsorbed polymer in the brush 
conformation comprised of 3 ‘blobs’. δ is adsorbed polymer layer thickness and  
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=
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σ cs [15]. 
In table 5.7 are also reported the density of ethylene oxide (EO) units which is the 
mean concentration of EO units in the adsorbed polymer layers. It is noteworthy that 
EO density per unit volume, nEO/σδ, is almost constant for each dispersant/polymer 
apart from PE/F 108 which is not a good stabilizer and is independent of polymer 
molecular weight, therefore volume V = σδ is directly proportional to N (number of 
EO units). Again the constancy of density gives an evidence of the dependence of 
conformation of stabilizing chain on the structure rather than molecular weight. The 
difference in nblobs and density for PE/F 108 reveals a different structure with two 
distinct chains of PEO for each molecule.   
In table 5.8, again the density and the axial ratio (number of coils) is not constant for 
Hypermer B246 and OLOA 11000 (actually it is harder to compare Hypermer B246 
and OLOA 11000 due to entirely different stabilising chain and anchoring chain in 
both dispersants) which shows the dependence of conformation of stabilizing chain 
upon the structure of molecule where former is a diblock copolymer with two 
stabilizing chains of polyhydroxystearic acid while OLOA 11000 is AB block with 
one stabilizing chain of polyisobutylene. 
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Table 5.7: Dimensions of the adsorbed polymer on carbon black in water and concentration 
of EO units in the adsorbed layer. 
n
EO
/ σ
δ
 
(n
m
-
3 ) 
4.
0 
-
-
 
14
.
0 
11
.
0 
12
.
0 
15
.
0 
n
 
bl
o
bs
 
√
(pi
/σ
)(δ
/2
) 
1.
5 
-
-
 
4.
8 
6.
4 
4.
0 
7.
0 
A
ds
o
rb
ed
 
la
ye
r 
th
ic
kn
es
s 
(n
m
) A
v
er
a
ge
 
5.
8 
-
-
-
 
3.
8 
3.
7 
4.
1 
3.
7 
A
FM
 
5.
8 
-
-
-
 
4.
5 
4.
0 
5.
0 
5.
0 
O
sc
ill
a
to
ry
 
Te
st
 
-
-
-
 
-
-
-
 
3.
5 
3.
5 
3.
6 
3.
0 
St
ea
dy
 
Sh
ea
r 
Te
st
 
-
-
-
 
-
-
-
 
3.
6 
3.
6 
3.
7 
3.
1 
A
v
er
a
ge
 
se
pa
ra
tio
n
 
pe
r 
PE
O
 
ch
a
in
 
(s)
 
(n
m
) 
3.
47
 
1.
46
 
0.
70
 
0.
51
 
0.
9 
0.
47
 
A
re
a
 
pe
r 
PE
O
 
ch
a
in
 
(σ
) (
n
m
2 ) 
12
.
1 
2.
13
 
0.
50
 
0.
26
 
0.
8 
0.
22
 
Po
ly
m
er
 
PE
/F
10
8 
PE
/F
10
3 
N
PE
18
00
 
Tr
ito
n
 
X
10
0 
Tr
ito
n
 
X
40
5 
Lu
ga
lv
a
n
 
BN
O
12
 
129 
 
Table 5.8: Dimensions of the adsorbed polymer on carbon black in decalin and concentration 
of stabilizing units (polyhydroxystearic acid in Hypermer LP1 and Hypermer B246 and 
polyisobutylene in OLOA 11000) in the adsorbed layer. 
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5.8 Conclusion 
• The concentrated suspensions can be prepared using optimum concentrations 
of dispersants which were obtained from adsorption and after that they were verified 
by viscosity measurements of dispersions made by using different concentrations of 
surfactants. 
• The effectiveness of dispersants used in this study was assessed by 
comparing the experimental viscosity measurements with the Kreiger-Dougherty 
equation.  
• PE/F 103 and PE/F 108 were not effective stabilizers for graphitic carbon 
black although researchers reported them an effective stabilizer for amorphous carbon 
and other surfaces. They produced flocculated suspensions of high viscosity. They 
produced insufficient steric barrier due to lower number of EO (ethylene oxide) units 
and aggregated high viscosity suspensions.  
• Hypermer LP1 also showed high viscosity flocculated dispersions which 
may be related to the high affinity of whole polymer segment to adsorb onto the 
segment and gives flatter conformation providing insufficient stabilising layer 
thickness.  
• While other dispersants containing benzene ring or proper balance between 
stabilizing and anchoring chain showed well dispersed suspensions with controlled 
rheology. That means structure of polymer molecule affects the stability of 
dispersions.   
• From the constancy of number of blobs and density for each polymer except 
PE series and Hypermer LP1, we can conclude that the conformation of stabilizing 
chain (PEO which provides a steric barrier) perpendicular to the carbon surface 
depends upon the ratio between the distance of adjacent polymer chains and their 
thickness. Also the elongation depends upon the structure of molecule rather than 
molecular weight. As structure is different in PE/F 108 (ABA block copolymer with 
two chains of EO units) and Hypermer LP1 (homopolymer) so they depicted the 
different density and n blobs. The experimentally determined adsorbed layer thickness 
from rheology and AFM measurements is greater than the distance between anchoring 
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sites so an elongated brush like configuration can be assumed (figure 5.21) according 
to the scaling theory.  
• The cross over of the viscoelastic moduli (G' and G'') where G' becomes 
greater than G'' is related to the occurrence of interactions of adsorbed polymer chains 
which increases by increasing the volume fraction. Ineffective dispersants (PE/F 103, 
PE/F 108 and Hypermer LP1) possesed much lower cross over versus volume fraction 
depicting the strong flocculation. 
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       CHAPTER 6 
SCALING IN ELECTRICAL 
CONDUCTIVITY MEASUREMENTS AND 
RHEOLOGICAL MEASUREMENTS 
 
 
 
 
 
 
 
An inch is as valuable as a mile. 
http://www.great-quotes.com/quote/49960 
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SCALING IN ELECTRICAL 
CONDUCTIVITY MEASUREMENTS AND 
RHEOLOGICAL MEASUREMENTS 
The aim of this chapter is to investigate the effect of quality of dispersion and 
concentration of carbon black on the electrical conductivity and elastic modulus of 
the carbon black suspensions. The variations in the electrical conductivity and elastic 
modulus with concentration of carbon black are taken into consideration for 
determining the percolation threshold and rheological threshold. Above a threshold 
concentration, the scaling law has been applied to the experimental data of rheology 
(dynamic measurements) and electrical conductivity measurements to evaluate the 
quality of the system. 
 6.1 Introduction 
The incorporation of carbon black into the polymer phase forms a filler-polymer 
matrix which have significant potential in various industrial applications such as gas 
discharge tubes, fuel cells, microwave amplifier, batteries and in the making of 
aircrafts and space crafts etc [1]. However the effective utilization of conductive 
carbon black in making these matrices depends upon the homogeneous dispersion of 
carbon black into the polymer solution by applying different methods such as 
ultrasonication, using dispersants and modifying the surface of carbon black. 
Ultrasonication using high power and high speed spindle and modification of carbon 
black surface using strong oxidizing agents etc can damage the internal structure of 
particles and hence can affect their mechanical, electrical, thermal performance. 
In addition to the enhancement in the mechanical properties of polymer-filler matrix, 
one of the key interests is the development of such compounds which are electrically 
conductive for applications in electromagnetic shielding and antistatic devices to 
electrostatic painting [2]. Carbon black is frequently used as conductive filler and its 
conductivity depends upon the formation of conductive bridges as a travelling zone 
for electrons. The market demand for conductive compounds has grown by 5.7 % p.a. 
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up to 2010 [3]. The electrical conductivity of these compounds depends upon the 
volume or mass fraction of the conductive filler. At low volume fraction, the 
conductivity of the system remains very close to the conductivity of pure polymer 
which is very low as polymers are insulating materials. Carbon black when used to 
transform insulating polymers into conductive system exhibits a percolation 
phenomenon where the concentration of carbon black is sufficient to produce a 
significant and sharp increase in electrical conductivity and this transformation from 
insulating material to conducting occurs by addition of carbon black above a critical 
concentration, known as the percolation threshold. The polymer-filler suspension 
remains insulating up to the threshold concentration, further increase in concentration 
past this threshold causes an abrupt increase in electrical conductivity. After that, 
further increase in concentration causes gradual slow increase in electrical 
conductivity rather than a significant rapid increase.  
The electrical conductivity of carbon black is influenced by primary particle size as 
small particles have a higher surface area with higher attractive forces which results in 
agglomeration of particles and a secondary structure is formed which causes higher 
conductivity than the primary structure of nascent carbon black. However the 
formation of this secondary structure results in the reduction of mechanical properties 
and higher viscosity of the matrix. So it is necessary to disperse the carbon black 
homogeneously in the polymer matrix to optimize the properties of the system. 
The basic purpose of this chapter is to demonstrate the theoretical and experimental 
studies of elastic modulus and electrical conductivity to obtain information on the 
degree of flocculation of the suspensions by applying scaling theory to the 
experimental data. 
6.2   Conductivity measurements 
In order to obtain some information on the quality of the dispersions the conductivity 
of the dispersions were determined at a fixed concentration of carbon black. The 
concept here being that the more aggregated the dispersions the more connected the 
particles in the dispersions are and hence a higher conductivity would be expected. 
Dispersions of Monarch 1000 were prepared in water and xylene with dispersants at 
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their optimum concentrations and without dispersant (blank), and the conductivity of 
aqueous dispersions was measured by using digital conductivity meter while 
conductivity of dispersions made in non aqueous medium (xylene) were calculated by 
the following equation: 
                                                  σ = 1/R                                                                    (6.1) 
Where R is the surface resistivity calculated by the following equation: 
                                                      V=IR                                                                   (6.2) 
Where V is the voltage supplied by Wayne Kerr LS30-10 and I is the current 
measured by Keithley 485 Autoranging Picoammeter. Also relative conductivity of 
dispersions, made in xylene, versus surfactant concentration (Hypermer B246 and 
OLOA 11000) was investigated at a fixed concentration of carbon black (volume 
fraction = 0.09). After that dispersions of varying volume fraction of carbon black 
particles were made at optimum concentration of dispersants and electrical 
conductivity was measured to find out the percolation threshold. 
6.3 Effect of quality of dispersion on electrical 
conductivity 
First, the effect of the quality of dispersion on the electrical conductivity was 
investigated. In this study polymers have been used to keep the carbon black well 
dispersed in a solvent. In table 6.1 the relative conductivity values (i.e. the 
conductivity of the dispersion/conductivity of supernatant) for the dispersions (1% by 
weight carbon black) using dispersants PE/F 103 (1.1 mg/m2) PE/F 108 (1.8 mg/m2), 
Triton X100 (2.8 mg/m2), Triton X405 (3.7 mg/m2), NPE 1800 (4.0 mg/m2) and 
Lugalvan BNO12 (4.0 mg/m2) at their optimum concentrations, calculated from 
adsorption isotherm, are reported. Since carbon is a conducting material, the 
conductivity of the dispersions is a reflection of the connectivity between the 
particles. Thus one would expect a highly flocculated dispersion to have a higher 
relative conductivity than a well dispersed suspension [4]. From table 6.1 we can see 
that the blank dispersion (i.e. a dispersion without dispersant) the relative conductivity 
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was much higher than the other dispersions (with dispersants) because in the absence 
of any dispersant the particles are aggregated. In the case of PE/F 108 and PE/F 103, 
although the relative conductivity is lower than for the blank sample, the relative 
conductivity values were higher than the values using other dispersants. This again is 
a reflection that these polymers are not good dispersants for this carbon black; there is 
still some aggregation of the carbon black giving rise to conductivity values of 
dispersions prepared using PE/F 108 and PE/F 103. It is interesting to note that the 
conductivity for PE/F103 is higher than for PE/F108, which is as one may expect 
given the larger molecular weight of PE/F108.  PE/F 108 has more ethylene oxide 
units than PE/F 103 but even then it produces flocculated dispersions of higher 
conductivity as compared to other dispersants but lower than PE/F 103 and this 
flocculation may be attributed to the low density of EO (ethylene oxide units) in the 
adsorbed layer (see table 5.7). Similarly PE/F 103 produced strongly flocculated 
dispersions as the number of ethylene oxide units are insufficient to produce 
stabilizing layer. While for Triton X100, Triton X405, NPE 1800 and Lugalvan 
BNO12 the relative conductivity was much lower, with the relative conductivity of 
Lugalvan BNO12 showing the lowest relative conductivity, supporting the rheological 
data which also suggest that Lugalvan BNO12 was the best dispersant used. The 
complete surface coverage by anchor chain (octyl phenyl in Triton X100, nonyl 
phenyl in Triton X405, Nonyl phenyl-polypropylene oxide in NPE 1800 and naphthol 
in Lugalvan BNO12) and sufficient adsorbed polymer layer thickness around the 
particles resulted in the well dispersed suspensions with lower conductivity values. 
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Table 6.1: Relative conductivity (i.e. the conductivity of the dispersion/conductivity of 
supernatant) values of dispersion of Monarch 1000 (1% by weight) prepared with and without 
dispersants using optimum concentrations.  
 
Dispersant Relative conductivity (The 
conductivity of the 
dispersion/conductivity of 
supernatant) 
No Dispersant 56 ± 5 
 PE/F 103 40 ± 5 
 PE/F 108 33 ± 3 
 Triton X100 8 ± 3 
 Triton X405 8 ± 2 
 NPE 1800 9 ± 4 
 Lugalvan BNO12 7 ± 2 
 
 
Table 6.2 shows the relative conductivity values of carbon black dispersions (1% by 
volume) prepared by using Hypermer LP1 (0.61 mg/m2), Hypermer B246 (2.1 mg/m2) 
and OLOA 11000 (3.1 mg/m2) at their optimum concentrations. For non aqueous 
medium (xylene), again higher relative conductivity values (The conductivity of the 
dispersion/conductivity of supernatant) were obtained for 1 % by volume carbon 
black without any dispersant. Hypermer LP1 showed higher relative conductance than 
Hypermer B246 and OLOA 11000 dispersant at optimum concentrations at fixed 
volume fraction of carbon black, table 6.2. Higher values of electrical conductivity in 
the presence of Hypermer LP1 can be related to the low surface coverage of carbon 
black particle resulting in aggregation of particles. This aggregation of particles 
causes higher viscosity values in the rheological measurements, which showed that 
this dispersant is not a good stabilizer for graphitic carbon black, even though it did 
work well for polar titania particles [5] While in the presence of Hypermer B246 and 
OLOA 11000, lower conductivity values are related to the homogeneous dispersion of 
carbon black due to ABA and AB block copolymer structure of Hypermer B246 and 
OLOA 11000 respectively which includes anchor chain B (polyethylene oxide in 
Hypermer B246 and Polyamine in OLOA 11000) providing strong adsorption onto 
the surface and stabilizing chain A (polyhydroxystearic acid in Hypermer B246 and 
polyisobutylene in OLOA 11000) for providing sufficient steric barrier. 
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Table 6.2: The relative conductivity (The conductivity of the dispersion/conductivity of 
supernatant) of dispersions with Hypermer LP1, Hypermer B246 and OLOA 11000 and 
without dispersant at volume fraction of 0.01. 
Dispersant 
 
Relative Conductance                                              
(The conductivity of the dispersion/conductivity of 
supernatant) 
Without dispersant 
 
50 ± 4 
 
Hypermer LP1 
 
32 ± 3 
 
Hypermer B246 
 
1.2 ± 0.2 
 
OLOA 11000 
 
1.1 ± 0.2 
 
So the dispersants played an important role in uniform distribution of carbon black 
and keeping the dispersion stable but this is the case at optimum concentration of 
dispersant. At the concentration below and above the optimum point, particles start 
aggregating with each other giving higher electrical conductivity values. Figure 6.1 
shows how the dispersant concentration alter the quality of dispersion by measuring 
the relative conductivity (the conductivity of dispersion to conductivity of 
supernatant) versus surfactant concentration (Hypermer B246 and OLOA 11000) at a 
fixed concentration of carbon black (volume fraction = 0.01). The dispersions of 
lower conductance were obtained at optimum concentrations of dispersant, figure 6.1. 
These optimum concentrations correspond to the optimum concentrations obtained in 
adsorption and rheology experiments. 
For Hypermer LP1, it was hard to plot the conductance versus surface coverage and 
find out the optimum concentration of dispersant because it produced fluctuating data 
due to highly flocculated dispersions. 
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Figure 6.1: Relative conductance (the conductivity of dispersion to conductivity of 
supernatant) of carbon black (volume fraction=0.01) dispersions versus the surface coverage 
by the dispersant OLOA 11000 and Hypermer B246 in xylene. Symbols are: 
 
       OLOA 11000  
       Hypermer B246 
6.4 Scaling in electrical conductivity measurements 
Once the carbon black was well dispersed, the influence of concentration of carbon 
black onto the electrical conductivity was investigated. As the electrical conductivity 
of carbon black suspensions prepared in polymer solutions depends upon the 
concentration of conductive filler, we can use percolation theory to describe the 
transition of insulating filler-polymer suspension to conductive one. The threshold 
volume at which transition from insulating to conducting state occurs is an essential 
feature of this percolation behaviour. In this study, graphitic carbon black is acting as 
conductive filler. 
Normally, in the proximity of the percolation threshold, power law behaviour is 
observed in mechanical, electrical and thermal properties of filler-polymer 
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suspension. Hence the dependence of electrical conductivity above the percolation 
threshold follows the scaling power law given below [5]: 
       
txΦ=σ                          (6.3) 
Where σ is the electrical conductivity of polymer-filler matrix as a function of filler 
concentration Φ, t is a critical exponent which depends only on the dimensions of the 
system. For two dimensional systems, the value of t is 1.3 while for three dimensional 
network systems, it ranges in between 1.6 and 2.0 theoretically but experimentally it 
varies in between 1.3-3.1, [6]. 
The scaling theory is applied above the percolation threshold concentration (the 
insulating suspension just start behaving like a conductive suspension past this 
threshold concentration) and the percolation threshold, Φc, σ is influenced by many 
factors like shape and size of particle, concentration of the particles, their spatial 
arrangement etc. For the carbon black dispersions in polymer solutions, the 
percolation values vary in the range of 5-12 wt% and the differences in the observed 
values shows the dependence of percolation threshold onto the microstructure 
differences. [7]. 
This treatment was applied for two polymers (Hypermer B246 and OLOA 11000) in 
xylene. For Hypermer LP1 we got scattered random data rather than a proper 
patterned data of conductivity measurements versus volume fraction due to strong 
flocculation of the particles. Also since carbon black dispersions showed similar 
rheological behaviour in decalin and xylene, only one solvent (xylene) was selected 
for these experiments.  
Similarly, other dispersants which were used in aqueous media were not chosen for 
implication of power law because water itself is an electrically conductive medium 
and causes significant change in conductivity measurements even at very low volume 
fractions. 
In the inset of figure 6.2 (plot of electrical conductance of carbon black suspension 
versus volume fraction of carbon black), at lower mass fractions (0.06-0.07 volume 
fraction for both polymers) where carbon black particles are far away to make a 
conductive path so the conductivity of system is roughly equivalent to the 
conductivity of xylene. A small increase in concentration to 0.075 volume fraction 
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produces a significant rapid increase in the electrical conductivity past the electrical 
percolation threshold (0.07 volume fraction for both dispersants above which the 
insulating system starts to transform to a conducting system). This rapid increase in 
electrical conductivity takes place when the conductivity of carbon black forms an 
infinite network of connected paths for the passage of electrons through the insulating 
matrix [8]. After that electrical conductivity increases slowly on further increasing the 
concentration.  
Figure 6.2 shows the power law relationship between the electrical conductivity and 
mass fraction of carbon black above threshold where a straight line was observed on 
log-log axes. Higher electrical conductivity was obtained with increasing the 
concentration of carbon black. This implies that at higher mass fraction more particle 
chains are formed providing more paths for electrons to flow along.  
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Figure 6.2: log-log plot of electrical conductivity versus mass fraction (above threshold) of 
carbon black using Hypermer B246 and OLOA 11000. The best fitting parameters for the 
solid lines are t = 1.0± 0.02 for both polymers. The percolation threshold, Φc, σ , was 
calculated from the inset graphs. Symbols are:  
       Hypermer B246 (2.1 mg/m2) 
       OLOA 11000 (3.1 mg/m2) 
Фc, σ 
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The critical exponent, t, in the power law between electrical conductivity and mass 
fraction helps in suggesting the quality of dispersion on the basis of field-induced 
micro-structure of a concentrated suspension. When an electric field is applied, 
dispersed particles get polarised and move towards the electrodes so the movement of 
dispersed particles change the overall structure of the suspension (linear chains, linear 
chains with some branching or diffusion limited aggregated network is formed based 
on the quality of dispersion). Linear chains can be expected if exponent t is 1 while 
for t values greater than 1 show more branched networks. The value of critical 
exponent t was 1.0±0.05 for both polymers (Hypermer B246 and OLOA 11000) 
which shows that linear chains are formed for the conduction of electrons. 
Figure 6.3 shows the structure of system on the basis of values of critical exponent, t. 
Linear chains are formed for t = 1 while 3D aggregated network is formed for t = 2. 
 
 
 
 
 
t = 1 
 
 
 
 
 
 
 
 
 
t = 2 
 
 
 
 
 
 
Figure 6.3: The critical exponent in scaling law is used to predict the structure of the system. 
Chain like structure is found for t = 1 while network structure can be obtained for t = 2 [9]. 
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In the literature, for 2D systems (chain like with some branches) value of t is 1.3 
while for 3D systems the value of t varies from 1.6 to 2 theoretically while 
experimentally obtained values vary in between 1.3 to 3.1. Chen [9] observed chain 
like structures in the presence of an electric field and found value of t = 1.1 for ER 
(electrorheological) fluids. Ezquerra et al [10] and Martin et al [11] found the value of 
t = 2.17 and 1.65 for 3D percolating systems of carbon black-polymeric composite 
and carbon nanotube-polymeric composites respectively. Musumeci et al [12] 
investigated the carbon nanotubes-polymeric system as a 3D system on the basis of 
value of t = 1.68. The value of electrical percolation threshold (Φc, σ = 12% by weight 
for both polymers) fall within the range of 5 to 12 % by weight given in literature for 
carbon black-polymer matrix. In case of elongated geometry, for example, rods and 
discs, value of Φc, σ decreases [13-15].  
6.5 Scaling in elastic modulus measurements 
Given the scaling relations observed in these conductivity measurements it seems 
sensible to investigate the rheological data of the previous chapter in this light. The 
homogeneous dispersion of carbon black into the polymer solution enhances the 
mechanical properties of the overall suspension, for example, the addition of carbon 
black into the polymer solution causes a significant increase in elastic modulus of the 
system and again this increase depends upon the concentration of carbon black. At 
low concentrations, system behaves like a liquid, on further increase in concentration, 
solid behaviour dominates. Further increase in concentration causes a rapid increase 
in elastic modulus, G', which is related to a rheological percolation. The following 
power law can be used to fit the experimentally determined values of elastic modulus, 
G', at a fixed frequency versus higher volume fractions of carbon black above 
threshold concentration (system just starts behaving like a solid past this threshold). 
           
tyG ′Φ=′
                                                              (6.4) 
Where G' is the elastic modulus, a function of Φ, y is the coefficient and t’ is a critical 
exponent. 
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6.5.1 Scaling in elastic modulus measurements in aqueous 
medium 
In figure 6.4, the variations of elastic modulus with the concentration (above a 
threshold concentration) of carbon black using Triton X100 (2.8 mg/m2), Triton X405 
(3.7 mg/m2), NPE1800 (4.0 mg/m2) and Lugalvan BNO12 (4.0 mg/m2) at their 
optimum concentrations is shown. While as the rheological threshold, Φc, G', was 
obtained from the inset graph of figure 6.4. The inset graph shows that at lower 
concentrations of carbon black (approximately 0.06-0.11 volume fraction of carbon 
black), system showed viscous/liquid like behaviour while at higher concentrations 
(approximately 0.11-0.18) it transformed from liquid to solid behaviour and a 
dramatic increase was observed in the elastic modulus past the threshold point, Φc, G', 
(where the system just starts behaving like a solid). At higher concentrations of 
carbon black particle-polymer-particle network forms where two particles are linked 
together by a surrounding polymer layer [8]. Even at low concentrations, this kind of 
particle-polymer chains network may exist but it would be weak while at higher 
concentrations, much more polymer chains would contribute in linking the particles. 
The values of the critical exponent, t’, calculated from the slope of plot (figure 6.4) 
were larger than 4.2 for each polymer except PE/F 103 and PE/F 108. In the literature, 
people found the values of critical exponent t’ around or below 4 for aggregated 
systems. Liang et al [16] observed aggregated structure of latex suspensions by 
adding Na2SO4 above critical flocculation concentration (CFC) and critical 
flocculation temperature (CFT) and for that aggregated structure they found value of 
critical exponent equal to 2.2. Below CFT and CFC where suspension was well 
dispersed, they observed much higher values of critical exponent i.e. t’ > 10. Buscall 
et al [17] found an exponent 4.0 for aggregated network of colloidal particles. Shih et 
al [18] found value of t’ = 4.1 for aggregated structure of colloidal gels by applying 
scaling theory above threshold concentration.   
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Figure 6.4: log-log plot of elastic modulus versus mass fraction (above threshold 
concentration) of carbon black in water. The best fitting parameter for the solid line is t’ = 25. 
The rheological threshold, Φc, G' , for each polymer was calculated from the inset graph. 
Symbols are: 
         PE/F 103 (1.1 mg/m2). 
         PE/F 108 (1.8 mg/m2).  
         Triton  X100 (2.6 mg/m2).  
NPE 1800 (3.8 mg/m2).  
Triton X405 (3.6 mg/m2).  
Lugalvan BNO12 (3.9 mg/m2).  
 
Table 6.3 gives the values of the exponent, t’, for all polymers (Lugalvan BNO12, 
Triton X100, Triton X405, NPE 1800, PE/F 103 and PE/F 108) used in aqueous 
medium. The high values of t’ for all polymers other than PE/F 103 and PE/F 108 
indicate that Triton X100, Triton X405, NPE 1800 and Lugalvan BNO12 are effective 
stabilizers. Similar conclusion was extracted in viscosity measurements and 
conductivity measurements that PE/F 103 and PE/F 108 are not good stabilizers as 
they produced flocculated dispersions of higher viscosity and higher electrical 
conductivity (table 6.1). Determining the Φc, G'  for PE/F 103 and PE/F 108 was not 
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possible due to strong flocculation and it ranges between  0.13-0.14  for other 
polymers (Triton X100, Triton X405, NPE 1800 and Lugalvan BNO12). 
Table 6.3: The values of critical exponent t for polymers used in aqueous medium. 
Polymer Critical exponent 
t’ 
PE/F 103 4.0±0.5 
PE/F 108 3.6±0.5 
Triton X100 36±10 
Triton X405 33±10 
NPE1800 33±15 
Lugalvan BNO12 25±15 
Note that the error is higher for the good stabilisers because of the very steep slope of 
the graph. 
6.5.2 Scaling in elastic modulus measurements in non aqueous 
medium (Xylene) 
Figure 6.5 shows the variations of elastic modulus with the concentration (above the 
threshold concentration) of carbon black using Hypermer LP1 (0.61 mg/m2), 
Hypermer B246 (1.8 mg/m2) and OLOA 11000 (3.0 mg/m2) at their optimum 
concentrations in xylene. An abrupt increase occurs as soon as polymer layers around 
the particles touch above threshold concentration of carbon black which was clear 
from the inset graph of figure 6.5.  
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Figure 6.5: log-log plot of elastic modulus of carbon black dispersions versus mass fraction 
(above threshold concentration) of carbon black in xylene. The rheological threshold, Φc, G' , 
was calculated from the inset graphs.  
       Hypermer LP1 (0.61 mg/m2) (The best fitting parameter for the solid line is t’ = 4) 
        Hypermer B246 (2.0 mg/m2) (The best fitting parameter for the solid line is t’ = 43) 
        OLOA 11000 (3.0 mg/m2) (The best fitting parameter for the solid line is t’ = 20) 
 
Determining the Φc, G'  for Hypermer LP1 was not possible due to strong flocculation 
and it ranges between  0.11-0.12  for other polymers (Hypermer B246 and OLOA 
11000). 
Table 6.4: The values of critical exponent t for polymers used in xylene. 
Polymer Critical exponent 
t’ 
Hypermer LP1 4.0±0.5 
Hypermer B246 43±15 
OLOA 11000 20±10 
Фc, G’ 
 
149 
 
An aggregated network can be predicted in the case of Hypermer LP1 on the basis of 
lower value of t’.  
6.6   Conclusion 
• In the absence of polymers which were used for homogeneous distribution of 
carbon black in the suspension, strong flocculation was observed giving rise to 
dispersions with higher electrical conductivities at a fixed volume fraction but 
flocculation affects the mechanical properties.  
• The presence of polymers prevented the flocculation and produced 
dispersions with lower electrical conductivity at a fixed volume fraction which proved 
them effective stabilizers except PE/F 103, PE/F 108 and Hypermer LP1. 
• The dispersants stabilized the suspensions at its optimum concentration while 
they produced flocculated dispersions at their concentrations above or below the 
optimum concentration. 
• Once the carbon black was well dispersed, electrical percolation and 
rheological threshold was determined by plotting the electrical conductivity values 
and elastic modulus versus concentration of carbon black. After that imposition of 
scaling law to the electrical conductivity measurements and elastic modulus 
measurements versus concentration of carbon black above threshold enabled us to 
predict the quality of dispersion. 
• By applying scaling law to the electrical conductivity measurements of 
carbon black suspensions in the presence of Hypermer B246 and OLOA 11000, the 
quality of dispersion can be predicted. In the presence of an electric field, particles get 
polarised and chain like structure can be predicted on the basis of value of t’ which 
was found to be ~ 1.0 (which other people found for chain like structure).  
• By applying scaling law to the elastic modulus measurements versus 
concentration above threshold, the flocculated network can be predicted in the 
presence of PE/F 103, PE/F 108 and Hypermer LP1on the basis of values of t’ ≤ 4.2 
which other people found in the case of aggregated structure. Similar aggregated 
networks were reported in steady state rheological measurements for these polymers 
on the basis of high viscosity and lower cross over of viscoelastic moduli. While 
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higher values of t’ (considerably > 10) for all other polymers showed them effective 
stabilizers. 
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     CHAPTER 7 
MEASUREMENTS OF INTERACTION 
FORCES BY ATOMIC FORCE    
MICROSCOPY 
 
 
 
 
 
 
 
 
 
Nature composes some of her loveliest poems for the microscopes. 
http://thinkexist.com/quotation 
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MEASUREMENTS OF INTERACTION 
FORCES BY ATOMIC FORCE    
MICROSCOPY 
After rheology and conductivity measurements as characterizing techniques to give an 
indication of the properties and structure of the carbon black dispersions (presented 
in chapter 5 and 6), AFM (atomic force microscopy) was used to measure the 
interactions between particles in carbon black dispersions and hence to compare the 
effectiveness of dispersant used by measuring the interactions directly. Experiments 
for all the dispersants have been carried out in both aqueous and non aqueous 
solutions.  
7.1   Introduction 
Given that polymers are used as stabilisers in many industrial suspensions, it is 
beneficial to measure the interaction forces between surfaces coated with these 
polymers. A Home-built AFM was used in all the measurements reported here. The 
home-built AFM had no sample scanning ability. However, this instrument has 
certain advantages over commercial instrument for force measurements (principally it 
is easier to exchange fluids and easier to control approach rates). The instrument was 
placed on an anti vibration table in a basement lab to minimize vibrations.  
The main part of the AFM is composed of a v shaped cantilever, a piezoelectric 
ceramic tube, a laser diode and a photodiode PSD (position sensitive detector). The 
cantilever remains in a fixed position while piezo can move in the vertical direction. 
The particle of interest is attached on the cantilever tip. The cantilever with a particle 
attached is mounted onto the metal rod which is being fixed right under the laser light. 
The sample surface (carbon rod in this study) is placed in the measuring cell and is 
kept on a piezoelectric ceramic tube which moves towards, or away from, a particle 
attached on the cantilever upon application of a known voltage, from which distance 
covered by the piezo can be determined by using the piezo expansion factor. 
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When a probing tip or particle attached onto the cantilever come closer to the other 
particle surface, an interaction between the surfaces starts. The interaction forces 
sensed by the cantilever tip cause it to bend. The attractive interaction forces bend the 
cantilever down while repulsive interactions bend it up. The deflection of the 
cantilever depends upon the magnitude of interaction forces. So the interaction forces 
can be measured in AFM by measuring the deflection of the cantilever. The deflection 
of the cantilever can be measured by optical beam technique which is based upon the 
reflection of the laser beam of the cantilever and this reflected signal can be detected 
by a photodiode, called a position sensitive detector (PSD). A picture of AFM 
principle and cantilever deflection for an attractive and repulsive system is given in 
chapter 2, figures 2.14-2.17 respectively. Lab view, a software supplied by National 
Instruments, UK was used to record the data. The force-distance curves were 
constructed from the data of PSD voltage versus piezo motion. Many curves were 
obtained for each dispersant, however here one typical cycle has been presented in 
this chapter while a second cycle for all the dispersants are given in the appendix A 
(figures A38-A48).  
7.2   Sample Preparation 
Spherical glassy carbon black (2-12 micron size and 99.95% pure) was used to model 
Monarch 1000 because big size carbon black particle was required in AFM (atomic 
force microscopy). Carbon black particles form cluster and that was very hard to pick 
a single particle so trials were made to pick the smallest cluster (a few micrometers to 
20 µm) and glued onto the cantilever. A very small amount of glue was used to avoid 
the contamination of particle and glued particle was kept for 24 hrs to be set at room 
temperature. The carbon surface was made by sprinkling the some carbon black 
particles onto a glued glass rod.  
Measurements were performed by placing the sample surface in cleaned petri dish 
(measuring cell) filled with 40 ml water or any solution of interest. Petri dishes were 
washed with deionised water and then with acetone. After that they were kept in an 
oven at 100 degree centigrade. 
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After bringing the particle on the cantilever and sample surface in close proximity of 
2mm (roughly), 4 ml water was replaced with 4 ml of 0.1% by weight polymeric 
stock solution using a hypodermic needle so the overall polymer concentration was ≈ 
0.01% by weight and left for overnight to generate the equilibrium.  
The raw data were collected from lab view software and processed in commercial 
spreadsheet software Excel. 
7.3   Interaction forces between bare surfaces (in 
water) 
To establish the influence of polymer adsorption onto the particle surface, it is 
necessary to investigate the interaction forces between bare surfaces where no 
polymer is adsorbed onto the surface. Therefore initially the interaction forces 
between a carbon black particle and carbon probe/surface were measured. In the 
absence of any polymer solution the following profile of force-distance was obtained, 
figure 7.1.  
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Figure 7.1: Force distance interaction profile between carbon black particle and carbon 
surface in water.  
■   For approach 
□   For separation 
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Initially the particle attached onto the cantilever and carbon surface in the piezo were 
roughly 2 mm apart. They were then brought together using motor, until to the eye 
there was no gap between the surfaces. The piezo was then used to bring the surfaces 
together and ultimately into contact. Upon approach, there was no interaction upto the 
distance of 18 nm soon after attractive forces were observed which resulted in the 
deflection of cantilever towards the sample surface. At the distance of ~ 5 nm, the 
cantilever spontaneously jumps into contact (linear region of force distance curve 
where you can see lower data points). These attractive forces can be observed until 
cantilever and sample surface were moving linearly at zero separation. On separation, 
a strong attraction was observed between the surfaces. That strong attraction was due 
to strong adhesion between surfaces (figure 7.1). Eventually, surfaces snapped apart at 
the distance of roughly 9 nm. Thereafter attraction is still observed until distance ~ 25 
nm. After that no further interactions were noted. The slight hysteresis in force 
distance curves on approach and separation may be a consequence of the strong 
adhesion between the surfaces then causing the cantilever to twist before separation. 
Overall we can conclude that in the absence of polymer, attractive forces were present 
between the surfaces on approach and separation. 
In AFM generally smooth micrometer sized surface geometries are attached to the 
cantilever and forces are measured between sphere surface and a flat surface. For a 
sphere of radius R and flat surface, the measured force is a function of distance, D, 
between the surfaces and is related to the total interaction energy per unit area 
according to the Derjaguin approximation, [1]: 
R
DFDE
pi2
)()( =                                                           (7.1)                                                                                                                         
For two equal sized spheres it becomes [2]: 
( )
D
ARDE
12
−=
                                                           (7.2)  
Where A is the Hamaker constant and it depends upon the properties of two 
approaching bodies and on the characteristics of medium.  
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According to the Derjaguin approximation, the measured force is related to the total 
interaction energy per unit area for two equal sized spheres of radius R by the 
following equation [2]: 
)(2)(
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21 DE
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+
= pi
             (7.3) 
Hence, for R1= R2 = R 
R
DFDE
pi
)()( =
              (7.4) 
The above equation was used to determine the theoretical van der Waals forces which 
were compared with the experimentally determined attractive forces. The Hamaker 
constant for graphitic carbon black and water were taken to be 47.0 x 10-20 J and 11.0 
x 10-20 J respectively, [3]. Figure 7.2 is a plot of theoretical and experimentally 
determined attractive interactions.  
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Figure 7.2: Theoretical and experimental force distance interaction profile between surfaces 
on approach in water. Filled squares are for experimental approach curve and solid line is for 
theoretical curve. 
It can be seen in figure 7.2 that theoretical van der Waals forces are considerably 
shorter range/weaker than experimental attractive forces. The origin of these long 
range attractive forces is not well understood. However it must be recalled that carbon 
black surfaces are hydrophobic in nature and long ranged attractive forces between 
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hydrophobic surfaces have been determined by various authors over the last 30 years 
or so. Recently it has been proposed that very small nanobubbles occur on the 
hydrophobic surfaces and that these may be responsible for long range forces. When 
these air bubbles come in contact with other surface, their contact results in the 
bridging of air between the surfaces and so drawing them together through capillary 
effects [4-7]. The main conclusion was that strong attractive forces were observed in 
the absence of polymer/dispersant. 
7.4   Interaction forces in the presence of dispersant 
(in water) 
In order to establish how the dispersants modify the interaction forces between 
surfaces, it is necessary to conduct the experiments in polymeric solutions rather than 
in pure water. All the polymers were used without any further treatment of 
purification. The stock polymer solutions of Lugalvan BNO12, Triton X100, Triton 
X405, NPE1800, PE/F 103 and PE/F 108 were prepared in distilled water. For this 
purpose surfaces were immersed into 40 ml distilled water after which 4 ml water was 
replaced with 0.1% by weight polymeric stock solution using a hypodermic needle so 
that the overall polymer concentration was ≈ 0.01% by weight and left for overnight 
to generate the equilibrium.  
In AFM (atomic force microscopy), the study of repulsive interactions as a 
consequence of the attachment of the polymer molecules onto the particle surface 
suffers from an uncertainty of true zero separation distance. Adsorbed dispersant will 
be present between the surfaces. However it is reasonable to take an assumption that 
the separation distances between the beginning of the repulsive interactions and the 
high compression (hard contact) of polymer layers is equal to twice the compressed 
adsorbed polymer layer thickness. While actually a thin polymer layer is sandwiched 
between two surfaces and the presence of that thin polymer layer would correspond 
an additional thickness which is 0.3-1.8 nm in this study. So these separation 
distances would be relative to this thickness. Musoke and Luckham [8] calculated this 
additional thickness in the range of 1-2 nm for a series of synperonics. This additional 
thickness was estimated on the basis of adsorption isotherms. 
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7.4.1   PE/F 103 and PE/F 108 
In figures 7.3-7.4, force distance profile curves are plotted on approach and separation 
in the presence of PE/F 103 and PE/F 108 respectively.  
Figure 7.3 shows that in the presence of PE/F 103, strong attractive forces now at a 
separation of 10 nm were observed, weaker than in the absence of polymer.  On 
separation, again adhesion was noted before surfaces spontaneously snapped apart 
and long range (at distance of 17 nm) attractive forces were observed. Nestor et al [9] 
observed similar behaviour for glass surfaces bearing an adsorbed layer of inulin 
surfactant (INUTEC SP1) of concentration 1 x 10-5 mol/dm3. The weak repulsive 
forces were generated due to adsorption of small amount of polymer and these weaker 
repulsive forces were converted into stronger repulsive forces by further increasing 
the concentration of polymer.  
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Figure 7.3: Force distance interaction profile between carbon black particle and carbon 
surface bearing an adsorbed layer of PE/F 103 in water. 
■   For approach 
□   For separation 
 
In case of PE/F 108 (figure 7.4), strong repulsive forces were observed on approach 
(13 nm) and on separation (22 nm) which were steric forces generated by the 
combination of the compression of polymer layers on approach so decreasing the 
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entropy and increasing the concentration of polymer between two surfaces and so the 
osmotic pressure (enthalpic effects). In the current experiment, the polypropylene 
oxide group of these polymers adsorbs onto the surface and polyethylene oxide 
extends into the solvent. On approach, the polyethylene oxide layers outside the 
surface compress and there may be some interlocking of polymer layers. On 
separation, these polyethylene oxide layers just relax back to its uncompressed 
configuration rather than desorbing from the surface giving rise to the longer ranged 
(22 nm) repulsive forces due to extra stretching as a consequence of entanglement of 
polymer layers. While this is unlike in case of homopolymers where polymer forms a 
bridge between surfaces under compression and molecular weight of polymer is also 
much higher and hysteresis was generally observed. It is interesting that there is no 
sign of attractive forces at separation of 18 nm even though steric interactions do not 
occur until the surfaces are roughly 13 nm apart. This is because of adsorbed 
copolymer which removes the hydrophobic nature of surface and makes it hydrophilic 
once more [8].  
Naden [10] also found hysteresis in curves but he speculated that hysteresis is because 
sufficient time was not given for complete adsorption and establishing the optimum 
entropy. He minimized the hysteresis by providing sufficient time to equilibrate the 
system. In fact the origin of this hysteresis is unclear but in this study it is more likely 
to have hysteresis in curves due to stretching of polymer layers on separation because 
sufficient time was given to establish equilibrium. 
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Figure 7.4: Force distance interaction profile between carbon black particle and carbon 
surface bearing an adsorbed layer of PE/F 108 in water. 
■  For approach 
□  For separation 
 
7.4.2   Triton X100 and Triton X405 
Figures 7.5-7.6 show the force distance profile for suspensions prepared in the 
presence of Triton X100 and Triton X405.  On approach and separation, steric 
interactions were observed. By the comparison of Triton X100 and Triton X405, it 
can be suggested that high molecular weight polymer produce stronger repulsive 
interactions than lower molecular weight polymer. Like, in case of Triton X405 
repulsive interactions were obtained at longer distance of 10 nm on approach while in 
the presence of Triton X100 repulsive interactions occur at shorter distance of 8 nm 
on approach and this can be attributed to the lower adsorbed layer thickness of low 
molecular weight polymer (Triton X100). 
The hysteresis in force distance curves is attributed to the similar phenomenon which 
occurred in the presence of PE series.  
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Figure 7.5: Force distance interaction profile between carbon black particle and 
carbon surface bearing an adsorbed layer of Triton X100 in water. 
■   For approach 
□   For separation 
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Figure 7.6: Force distance interaction profile between carbon black particle and carbon 
surface bearing an adsorbed layer of Triton X405 in water. 
■  For approach 
□  For separation 
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7.4.3   NPE 1800 
Figure 7.7 shows the force distance profile for suspension prepared in the presence of 
NPE1800.  Similarly in the presence of NPE 1800, on approach, repulsive interactions 
were observed which started at the separation distance of 10 nm. On separation, again 
repulsive interactions were observed at the separation distance of 12 nm. Again a 
hysteresis was observed in force distance curves on approach and separation.  
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Figure 7.7: Force distance interaction profile between carbon black particle and carbon 
surface bearing an adsorbed layer of NPE 1800 in water. 
■  For approach 
□  For separation 
7.4.4  Lugalvan BNO12 
In the presence of Lugalvan BNO12 again repulsive interactions were observed on 
approach and separation with a hysteresis in them, figure 7.8. On approach sample 
surfaces start repel each other at distance of 10 nm while on separation once again 
longer ranged repulsive interactions until 11.0 nm were observed. After that there is 
no interaction between surfaces as they are snapped apart. 
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Figure 7.8: Force distance interaction profile between carbon black particle and carbon 
surface bearing an adsorbed layer of Lugalvan BNO12 in water. 
■  For approach 
□  For separation 
 
7.5   Interaction forces between bare surfaces (in 
Decalin) 
For experiments performed in non aqueous media, the surfaces were immersed in 
pure decalin and left for overnight to reach equilibrium. Decalin was used as such as it 
was received. Xylene was not considered as a non aqueous medium in AFM 
technique because it dissolves the glue used for the attachment of the particle to the 
cantilever. It can be seen in figure 7.9 that in the absence of any dispersant solution 
when the interaction forces were measured in pure decalin, attractive forces were 
observed at the distance of 18 nm on approach and on separation at the distance of 24 
nm. Interactions remain attractive on separation but again long range attractive forces 
(at separation of 24 nm) were obtained due to adhesion. Again theoretical van der 
Waals forces (calculated from equatiom 7.2) were shorter than experimentally 
determined attractive forces as can be seen in figure 7.10 although not as much as in 
water. In this case the attraction cannot be due to bubbles on the surface as decalin is 
also hydrophobic. It is possible that the estimate for the Hamaker constant for carbon 
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black is too small, or that roughness of the carbon black particles is affecting the 
results. However the main conclusion to draw is that the interaction between carbon 
surfaces in decalin is attractive. Hamaker constant of decalin was selected 6 x 10-20 J 
[11].  
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Figure 7.9: Force distance interaction profile between bare carbon black particle and carbon 
surface in decalin. 
■  For approach 
□  For separation 
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Figure 7.10: Theoretical and experimental force distance interaction profile between surfaces 
on approach in decalin. Filled squares are for experimental approach curve and solid line is 
for theoretical curve. 
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7.6   Interaction forces in the presence of dispersant 
(in Decalin) 
Similar procedure adopted in case of aqueous medium were carried out for making 
the polymeric solutions of Hypermer LP1, Hypermer B246 and OLOA 11000 (0.01% 
by weight) in decalin.. After immersing the surfaces in polymer solutions, they were 
left for overnight to reach equilibrium. 
7.6.1   Hypermer LP1 
Figure 7.11 shows the force distance profile for suspension prepared in the presence 
of Hypermer LP1.  In case of Hypermer LP1, attractive forces were observed on 
approach at the distance of 5 nm but these forces are smaller than that observed for 
hydrophobic surfaces in the absence of polymer. That means polymer is playing a role 
of minimizing the attractive van der Waals forces but is unable to provide sufficient 
steric barrier to prevent the attraction. Once again longer ranged attractive interactions 
were observed on separation. 
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Figure 7.11: Force distance interaction profile between bare carbon black particle and carbon 
surface bearing an adsorbed layer of Hypermer LP1 in decalin. 
■  For approach 
□  For separation 
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7.6.2   Hypermer B246 
Figure 7.12 shows the force distance profile for suspensions prepared in the presence 
of Hypermer B246.  The Hypermer B246 is a block copolymer with polyethylene 
oxide layer which is insoluble in decalin and therefore gives high adsorption to the 
surface and polyhydroxystearic acid which provides a sufficient steric stabilizing 
layer giving rise to the repulsive interactions on approach and separation. For these 
kinds of dispersants, repulsive steric interactions are due to the entropic and enthalpic 
effects just like other dispersants studied in aqueous medium. The surfaces started 
repelling each other at the distance of 6.0 nm, after that, repulsive interactions 
increased monotonically. On separation interactions remained repulsive, again with a 
slight hysterisis.  
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Figure 7.12: Force distance interaction profile between bare carbon black particle and carbon 
surface bearing an adsorbed layer of Hypermer B246 in decalin. 
■  For approach 
□  For separation 
 
7.6.3  Succinimide (OLOA 11000) 
This is also a block copolymer of polyamine which adsorbs onto the surface and 
polyisobutylene extending towards the solution and thus giving rise to stronger 
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repulsive steric interactions on approach and separation with some hysteresis in 
curves, figure 7.13. Repulsive interactions started when surfaces were 8 nm apart.  
 
-0.01
0.09
0.19
0.29
0.39
0 5 10 15 20 25 30 35 40
Separation (nm)
F/
pi
R
 
(m
N
/m
)
Figure 7.13: Force distance interaction profile between bare carbon black particle and carbon 
surface bearing an adsorbed layer of OLOA 11000 in decalin. 
■  For approach 
□  For separation 
 
7.7   Theoretical Analysis 
As discussed in chapter 2, Alexander-de Gennes developed a relationship for forces 
between two plates with grafted polymer segments as the experimental data is plotted 
in terms of interaction energy E (D) = F (D) /πR so the following equation can be 
used to measure the interactions [12-15]. 
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F (D) is the force at a separation distance D between spheres of identical Radius R, β 
is integration constant. The value of the prefactor, β, used to fit the data for all 
polymers and adsorbed polymer layer thickness, L, is given in table 7.1. 
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Table 7.1: An estimate of numerical prefactor used to fit data for polymers acting as effective 
stabilizers. 
 
 
Table 7.1 shows that the numerical prefactor, β, is different for each polymer and it is 
becoming bigger for polymers with lower adsorption (molar terms) as β is much 
higher in case of PE/F 108 which showed lower adsorption amounts while β is 
smaller in case of Lugalvan BNO12 which provided much higher adsorption. 
Reasonable agreement was obtained for all polymers (figures 7.14-7.20), especially 
where force profile curves were steeper and force profile decreases very rapidly at 
large separations and so by varying the prefactor, it was possible to fit the data. 
Polymer              β, used to fit data L, adsorbed polymer 
layer thickness 
PE/F108 0.065 5.8 
Triton X100 0.0006 4.0 
Triton X405 0.0002 4.5 
NPE1800 0.012 5.0 
Lugalvan BNO12 0.00009 5.0 
Hypermer B246 0.012 3.0 
OLOA 11000 0.001 4.0 
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Figure 7.14: Theoretical and experimental force distance interaction profile between surfaces 
on approach using PE/F 108. Filled squares are for experimental approach curve and solid 
line is for theoretical curve. 
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Figure 7.15: Theoretical and experimental force distance interaction profile between surfaces 
on approach using Triton X100. Filled squares are for experimental approach curve and solid 
line is for theoretical curve. 
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Figure 7.16: Theoretical and experimental force distance interaction profile between surfaces 
on approach using Triton X405. Filled squares are for experimental approach curve and solid 
line is for theoretical curve. 
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Figure 7.17: Theoretical and experimental force distance interaction profile between surfaces 
on approach using NPE1800. Filled squares are for experimental approach curve and solid 
line is for theoretical curve. 
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Figure 7.18: Theoretical and experimental force distance interaction profile between surfaces 
on approach using Lugalvan BNO12. Filled squares are for experimental approach curve and 
solid line is for theoretical curve. 
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Figure 7.19: Theoretical and experimental force distance interaction profile between surfaces 
on approach using Hypermer B246. Filled squares are for experimental approach curve and 
solid line is for theoretical curve. 
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Figure 7.20: Theoretical and experimental force distance interaction profile between surfaces 
on approach using OLOA 11000. Filled squares are for experimental approach curve and 
solid line is for theoretical curve. 
 
Hence one could argue that scaling analysis was an appropriate way for analyzing the 
experimental data even though polymers are of low molecular weight for the analysis 
to strictly apply and this is due to the simple principle of Alexander-de Gennes scaling 
analysis where first term accounts for osmotic pressure which increases due to 
increased concentration of polymer in the gap between the particles and subtracted 
from this second term which accounts for the entropic term resulted in due to the 
compression of polymer layers and hence decreasing the configurational free energy 
of polymer. These two effects (osmotic and entropic) will still be present for low 
molecular weight terminally grafted polymers and hence provided us an argument on 
applying scaling analysis for low molecular weights. Raviv et al [16], Claesson et al 
[17], Kamiyama and Israelachvili [18-19] have also applied similar treatment to the 
low molecular weight surfactants when adsorbed polymers were not of high enough 
molecular weight for scaling arguments to generally be thought to apply.  
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7.8 Conclusion 
In the end on the basis of AFM measurements we may conclude that: 
• In the absence of polymer, on approach and separation attractive interactions 
were observed in aqueous and non aqueous medium and a strong adhesion was noted 
on separation. 
• Theoretical attractive interactions were slightly shorter range as compared to 
experimentally determined interactions. These experimental longer ranged 
interactions may be due to the presence of nanobubbles on surfaces. 
• On approach and separation, the lack of any attractive interaction in the 
presence of polymer, except PE/F103 and Hypermer LP1, proved that these are 
effective stabilizers. 
• The hysteresis in force distance curves may be speculated in terms of 
stretching of entwined polymer layers on separation influenced by molecular weight 
of polymers.  
• PE/F103 and Hypermer LP1 exhibited attractive interactions on approach and 
separation and hence may be expected to produce flocculated dispersions due to 
incomplete surface coverage and insufficient adsorbed layer thickness. This shows 
that these are not effective dispersants for graphitic carbon black and cause the 
particles to be flocculated causing much higher viscosity values, lower cross over of 
G' and G'', higher conductivity values and thus overall attractive interactions in AFM. 
Miano et al [20] also found that PE/F 103 is not a good stabilizer for amorphous 
carbon black because of the insufficient number of ethylene oxide units. 
• The behaviour of all polymers was same in rheology and AFM measurements 
except PE/F 108 which provided the higher viscosity values in rheology showing the 
aggregation of particles while in AFM repulsive interactions were observed. The 
carbon black used in AFM was different than monarch 1000 (graphitic carbon black) 
used for other experiments and hence may show different behaviour to the PE/F 108, 
indeed Miano et al [20] found PE/F 108 to be a good dispersant for amorphous carbon 
black. 
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• The scaling model of Alexander and de Gennes is appropriate to apply in this 
study especially where repulsive interactions decrease rapidly on separation. 
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CHAPTER 8 
CONCLUSION 
 
The main thrust of this study was to determine how the structure of particular 
dispersants under investigation affect the quality of a dispersion (dispersion stability) 
in aqueous and non aqueous media and how these investigations could enable the 
optimisation of dispersions based on graphitic carbon black. The stabilisation of these 
graphitic carbon black dispersions was based on the steric effects produced by the 
adsorption of nonionic surfactants, for example, PE series (PE/F 103 and PE/F 108), 
Triton X series (Triton X100 and Triton X405), NPE 1800 and Lugalvan BNO12 
were reported in aqueous medium. While Hypermer LP1, Hypermer B246 and OLOA 
11000 were reported in non aqueous media (decalin and xylene). It was found that 
both dispersion rheology and dispersion stability depend upon the amount of the 
dispersant adsorbed (Г) and the thickness of the stabilising layer (δ). By consequence 
these factors (adsorbed amount and stabilising layer thickness) depended upon the 
structure of the dispersant. The various characterization techniques were used to 
evaluate the quality of dispersion, for example, rheology measurements, conductivity 
measurements and AFM (atomic force microscopy) techniques were used. The 
experimental results were organised in previous chapters of this Thesis.  
The optimum concentrations of dispersants were found from adsorption isotherms 
(Гm) and from steady state viscosity measurement of carbon black dispersions (at a 
fixed volume fraction of carbon black) versus dispersant concentration. The lower 
viscosity was achieved at the optimum concentration of dispersant (Гm) found from 
adsorption results while higher viscosity values were obtained at above and/or below 
the optimum concentration of dispersants.  
Both anchoring group and stabilising chain played a significant role in the stability of 
carbon black dispersions. The size of EO (polyethylene oxide units acting as 
stabilising chain) regulated the number of molecules adsorbed. The larger stabilizing 
chain (larger number of EO units) made it harder for other molecules to come and 
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pack tightly onto the surface and thus adsorption amount decreased. For example, 
Triton X405 (EO = 40) showed higher adsorption amounts as compared to Triton 
X100 (EO = 10). The effect of anchoring group on the adsorption amount was 
evidenced by different adsorption amounts decreasing in the order of naphthol in 
Lugalvan BNO12 (the smallest anchoring group)< octyl phenyl in Triton < nonyl 
phenyl polypropylene in NPE 1800 < PE in synperonics (the largest anchoring group). 
The adsorption results and rheological measurements of aqueous carbon black 
dispersions showed that polymer molecules containing an aromatic ring in their 
anchoring group were more effective dispersants than those which contain simply 
polypropylene oxide as an anchoring group. The dispersants which contain benzene 
ring in their anchoring chain (Triton X100, Triton X405, NPE 1800 and Lugalvan 
BNO12) showed higher adsorption amounts (in moles) as compared to other 
dispersants (PE/F 103 and PE/F 108). Moreover, rheology measurements confirmed 
that the most efficiently stabilised carbon black dispersions were prepared in the 
presence of dispersants which contain benzene ring in their structure. Lower 
performances were noted in the presence of PE/F 103 and PE/F 108 as they produced 
unstable, flocculated dispersions of high viscosity. The lower efficiency of these 
dispersants can be attributed to the lower adsorption and insufficient steric stabilising 
layer thickness δ due to lower number of ethylene oxide units in adsorbed layer (table 
5.7). Although researchers reported PE/F 103 and PE/F 108 the effective stabilizer for 
amorphous carbon and other surfaces. While other dispersants showed higher 
adsorption and had sufficient number of ethylene oxide units in adsorbed layer to 
provide an adequate steric barrier (table 5.7).  
The effective stabilizers produced stable dispersions of lower viscosity while other 
produced flocculated dispersions of high viscosity. The Krieger-Dougherty equation 
was used to fit the experimental viscosity data of all carbon black dispersions 
prepared at optimum concentrations of surfactants. The viscosity data of dispersants 
containing benzene ring in their anchoring chain (Triton X100, Triton X405, NPE 
1800 and Lugalvan BNO12) was in good agreement with the Krieger-Dougherty 
equation while viscosity values of dispersions prepared by using other dispersants 
(PE/F 103 and PE/F 108) did not correspond to the equation. Also the maximum 
volume fraction (Φm) of carbon black dispersions was determined for all dispersants 
using Krieger-Dougherty equation. The viscosity increases with the volume fraction 
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and at last particles reach the closest packing arrangement (the maximum volume 
fraction which depends upon the particle packing geometry, shape and size of the 
particles), a continuous three dimensional network throughout the suspension is 
formed and viscosity approaches infinity at maximum volume fraction.  
In non aqueous media (decalin and xylene), Hypermer B246 and OLOA 11000 were 
found to be good stabilisers as they produced carbon black dispersions of lower 
viscosity while Hypermer LP1 was not a good stabiliser as it produced higher 
viscosity dispersions. The poor stability of carbon black dispersions in the presence of 
Hypermer LP1 can be explained by considering the structure of dispersant. The 
structure of polymer regulates the conformation onto the surface. Homopolymer 
Hypermer LP1 gave flatter conformation due to higher adsorption affinity of whole 
segment on the surface and hence provided improper length of stabilising layer as can 
be seen in table 4.4, the Flory radius (end to end dimension of polymer) was less than 
the distance s between two adjacent chains which shows flatter conformation while 
AB and ABA block copolymers (OLOA 11000 and Hypermer B246 respectively) 
provided vertical configuration based on larger Flory radius than s, table 4.4. 
However, researchers reported Hypermer LP1 as an effective stabilizer for polar 
particles. 
The dynamic (oscillatory tests) were performed to investigate the viscoelastic (G' and 
G'') properties of carbon black suspensions. In dynamic tests (oscillatory tests), PE/F 
103, PE/F 108 and Hypermer LP1 showed lower cross over of G' and G'' (where G' 
becomes greater than G'' and this is related to the occurrence of interactions of 
adsorbed polymer chains which increases by increasing the volume fraction) depicting 
the flocculated suspensions. The viscoelastic properties of a suspension whose 
volume fraction is beyond Φm (limiting volume fraction Φm determined by applying 
high shear rate in steady state tests) are still possible to measure. Actually, at high 
shear rate particles align themselves with the shear plane while oscillatory 
measurements are carried out without breaking the existing particle arrangement 
(particles in a dispersion at rest behaves as a random packing arrangement. Moreover, 
elastic modulus is a property of solid and be still measureable even under the 
conditions of Φ > Φm. 
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The effect of quality of dispersion onto the electrical conductivity was explored in 
chapter 6. The relative conductivity values (i.e. the conductivity of the 
dispersion/conductivity of supernatant) for the aqueous (1% by weight carbon black) 
and non aqueous dispersions (1% by volume carbon black) using polymers at their 
optimum concentrations were reported in table 6.1. The carbon black dispersions 
which were prepared without using polymer (blank dispersion) showed higher 
conductivity values as compared to other dispersions which were prepared by using 
polymer solutions. Moreover, the dispersions which were prepared by using PE/F 
103, PE/F 108 and Hypermer LP1 showed high relative conductivity values as 
compared to dispersions made by using other polymers (Triton X100, Triton X405, 
NPE 1800, Lugalvan BNO12, Hypermer B246 and OLOA 11000). Since carbon is a 
conducting material, the conductivity of the dispersions is a reflection of the 
connectivity between the particles. Thus one would expect a highly flocculated 
dispersion to have a higher relative conductivity than a well dispersed suspension. 
The presence of polymers prevented the flocculation and produced dispersions with 
lower electrical conductivity at a fixed volume fraction which proved them effective 
stabilizers except PE/F 103, PE/F 108 and Hypermer LP1. Again the flocculated 
dispersions in the presence of PE/F 103, PE/F 108 and Hypermer LP1 might be 
consequences of low number of ethylene oxide units in adsorbed layer and hence 
insufficient adsorbed layer thickness. 
For non aqueous dispersions structuring was produced by introducing an electric field. 
The quality of dispersion was determined on the basis of that field-induced structure 
of the suspension based on the exponent of the scaling power law which was applied 
to the electrical conductivity measurements and elastic modulus measurements. By 
applying scaling law to electrical conductivity measurements versus concentration of 
carbon black above threshold, chain like structure was reported by applying electric 
field to the carbon black dispersions in the presence of Hypermer B246 and OLOA 
11000, on the basis of value of t = 1 roughly which other people found for chain like 
structure in the presence of an electric field.  
By applying scaling law to the elastic modulus measurements versus concentration of 
carbon black above threshold concentration, the flocculated network was predicted in 
the presence of PE/F 103, PE/F 108 and Hypermer LP1on the basis of values of t’ ≤ 
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4.2 which other people found in the case of aggregated structure. Similar aggregated 
networks were reported in steady state rheological measurements for these polymers 
on the basis of high viscosity and lower cross over of viscoelastic moduli. While 
higher values of t for all other polymers showed them effective stabilizers. 
After rheology and conductivity measurements as characterizing techniques to give a 
description of the properties and structure of the carbon black dispersions (presented 
in chapter 5 and 6), AFM (atomic force microscopy) technique was used to measure 
the interactions between particles in carbon black dispersions and hence to compare 
the effectiveness of dispersant used by measuring the interactions. Examples for all 
the dispersants had been carried out in both aqueous and non aqueous solutions and 
reported in chapter 7.  
In the absence of polymer, on approach and separation attractive interactions were 
observed in aqueous and non aqueous medium. On approach and separation, the lack 
of any attractive interaction in the presence of polymer, except PE/F103 and 
Hypermer LP1, proved that these are effective stabilizers. PE/F103 and Hypermer 
LP1 provided attractive interactions on approach and separation which showed that 
these are not effective dispersants for graphitic carbon black and cause the particles to 
be flocculated causing much higher viscosity values, lower cross over of G' and G'', 
higher conductivity values and thus overall attractive interactions in AFM. 
The behaviour of all polymers was same in rheology and AFM measurements except 
PE/F 108 which provided the higher viscosity values in rheology showing the 
aggregation of particles while in AFM repulsive interactions were observed. The 
carbon black used in AFM was different than monarch 1000 (graphitic carbon black) 
used for other experiments and hence showed different behaviour to the PE/F 108. 
In summary, the main conclusions which can be drawn from this study are outlined as 
follows: 
• The rheological measurements, conductivity measurements, and atomic force 
microscopy techniques were used to characterise the quality of dispersions. The 
polymers used in this study were reported as effective stabilisers except PE/F 103, 
PE/F 108 and Hypermer LP1. 
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• The optimum concentrations were determined from the plateau of adsorption 
isotherms (Гm) and rheology experiments. The viscosity was minimum at optimum 
concentration (Гm, found from adsorption isotherm) while higher viscosity values 
were obtained when polymers were used at concentrations above and/or below the 
optimum.  
• The effect of aromatic ring in anchoring group was found by higher 
adsorption amounts of Lugalvan BNO12 with two benzene rings in their anchoring 
groups and lower adsorption amounts of PE series without any benzene ring in their 
anchoring chain.  
• The larger stabilizing chain (larger number of EO units) makes it harder for 
other molecules to come and pack tightly onto the surface and thus adsorption amount 
decreases on molar terms. 
• In rheological steady state tests, the effectiveness of dispersants used in this 
study was assessed by comparing the experimental viscosity measurements with the 
Kreiger-Dougherty equation. PE/F 103, PE/F 108 and Hypermer LP1 were not 
effective stabilizers for graphitic carbon black. They produced flocculated 
suspensions of high viscosity. They produced insufficient steric barrier due to lower 
number of EO (ethylene oxide) units in adsorbed layer and produced aggregated high 
viscosity suspensions.  
• In dynamic tests (oscillatory tests), PE/F 103, PE/F 108 and Hypermer LP1 
showed lower cross over of G' and G'' depicting the flocculated suspensions. 
• Similarly the higher electrical conductivity values of carbon black 
dispersions in the presence of these three polymers (PE/F 103, PE/F 108 and 
Hypermer LP1) possessed flocculated dispersions.  
• The behaviour of all polymers was same in rheology, conductivity and AFM 
measurements except PE/F 108 which provided the higher viscosity values in 
rheology showing the aggregation of particles while in AFM repulsive interactions 
were observed. In AFM, glassy carbon black was used which was different than 
Monarch 1000 (graphitic carbon black) used for other experiments and different 
behaviour of PE/F 108 can be related to this different carbon black.  
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8.1 Final remarks 
The screening among all nonionic polymeric surfactants used in this Thesis permitted 
the selection of surfactants for stable dispersions of graphitic carbon black. Similar 
surfactants can be used for carbon nanotubes dispersions as graphitic carbon black 
and carbon nanotubes possess similar properties and this could help in optimising the 
formulations to obtain fully stabilised carbon nanotube dispersions. The author could 
predict the quality of dispersion by using rheological tests, conductivity 
measurements and AFM (atomic force microscopy) techniques. The dispersants 
possessing aromatic rings in their structures, i.e Triton X100, Triton X405, NPE 1800 
and Lugalvan BNO12 proved to be good stabilizers for graphitic carbon black and 
this is evidenced by rheological measurements and conductivity values measurements. 
PE/F type copolymers, also known as synperonics (ICI Speciality Chemicals now 
known as Croda Chemicals Trademark) are commonly used to disperse carbon 
nanotubes [1-5], due to the similar structure of graphitic carbon black and carbon 
nanotubes, we would suggest that dispersants containing an aromatic ring in their 
anchor group would be good candidates to investigate further for this purpose [31-35]. 
Likewise in organic media, Hypermer B246 and Lugalvan BNO12 can be the 
effective stabilizers for carbon nanotubes dispersions. In this study, nano scale 
graphitic carbon black has been selected as a model for carbon nanotubes for 
investigation as carbon nanotubes are carcinogenic and may have similar safety 
concerns as asbestos, therefore working with carbon nanotubes is much more 
difficult. The information sheet which provides health and safety guidance and risk 
issues on working with the carbon nanotubes is attached at the end of this Thesis 
(appendix B). This information sheet was provided by the Health and safety 
Executive. 
In order to obtain the fine dispersions, several methods have been developed, 
including covalent or non covalent modifications on the particle surface. Non covalent 
modification through adsorption forces using different polymers have been presented 
in this project while covalent modification (the attachment of different functional 
groups to the surface of particles, for example, oxidizing species can be attached to 
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the surface through oxidation which can increase the reactivity of surface for specific 
polymers in specific medium) could be an immediate suggestion for future work.  
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APPENDIX A 
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Figure A1: Linearized plot of Langmuirian isotherm of Triton X100 and Triton X405 
adsorbing onto Monarch 1000 carbon black (0.15% by weight). Symbols are:  
        Using Triton X100.  
        Using Triton X405. 
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Figure A2: Linearized plot of Langmuirian isotherm of NPE 1800 adsorbing onto Monarch 
1000 carbon black (0.15% by weight). 
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Figure A3: Linearized plot of Langmuirian isotherm of PE/F 103 and PE/F 108 adsorbing 
onto Monarch 1000 carbon black (0.15% by weight). Symbols are:  
       Using PE/F 103.  
       Using PE/F 108. 
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Figure A4: Linearized plot of Langmuirian isotherm of SDS and SDBS adsorbing onto 
Monarch 1000 carbon black (0.15% by weight). Symbols are:  
       Using SDS 
       Using SDBS 
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Figure A5: Linearized plot of Langmuirian isotherm of OLOA 11000 adsorbing onto 
Monarch 1000 carbon black (0.10% by weight) in decalin and xylene. Symbols are: 
        Decalin.  
        Xylene 
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Figure A6: Linearized plot of Langmuirian isotherm of Hypermer B246 adsorbing onto 
Monarch 1000 carbon black (0.10% by weight) in decalin and xylene. Symbols are: 
        Decalin.  
        Xylene 
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Figure A7: Linearized plot of Langmuirian isotherm of Hypermer LP1 adsorbing onto 
Monarch 1000 carbon black (0.10% by weight) in decalin and xylene. Symbols are: 
        Decalin.  
        Xylene 
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Figure A8: Adsorption Isotherms of graphitic carbon black (0.15% by weight) using 
Lugalvan BNO12. Solid line is Langmuirian fit. Symbols are: 
     Graphitic carbon black  (2-12 µm) 
      Graphitic carbon black (12 nm) 
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Figure A9: Adsorption Isotherms of graphitic carbon black (0.15% by weight) using PE/F 
103. Solid line is Langmuirian fit. Symbols are: 
     Graphitic carbon black  (2-12 µm) 
      Graphitic carbon black (12 nm) 
 
0.001
0.01
0.1
1
0.1 1 10 100 1000
Shear rate (1/sec)
Vi
sc
o
si
ty
 
(P
a
-
Se
c)
 
Figure A10: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using Triton X100 (2.6 
mg/m2) . Symbols are: 
 Φ = 0.097   +        Φ = 0.09 
Φ = 0.10     Φ = 0.11 
Φ = 0.12 
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Figure A11: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using Triton X405 (3.6 
mg/m2) . Symbols are: 
 Φ = 0.097 
+        Φ = 0.09 
 Φ = 0.10 
 Φ = 0.11 
 Φ = 0.12 
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Figure A12: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using NPE1800 (3.8 
mg/m2) . Symbols are: 
 Φ = 0.05 
+        Φ = 0.09 
 Φ = 0.11 
 Φ = 0.12 
 Φ = 0.13 
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Figure A13: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using SDS (0.43 mg/m2) . 
Symbols are: 
 Φ = 0.05      Φ = 0.08 
 Φ = 0.10 
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Figure A14: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using SDBS (0.59 mg/m2). 
Symbols are: 
 Φ = 0.05  
 Φ = 0.09 
 Φ = 0.12 
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Figure A15: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using OLOA 11000 (2.8 
mg/m2) in decalin. Symbols are: 
 Φ = 0.07 
+        Φ = 0.08 
 Φ = 0.09 
 Φ = 0.10 
 Φ=0.11 
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Figure A16: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using OLOA 11000 (3.0 
mg/m2) in xylene. Symbols are: 
        Φ = 0.07 
+     Φ = 0.08 
        Φ = 0.09 
        Φ = 0.10 
 ◊     Φ = 0.12 
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Figure A17: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using Hypermer B246 (2.0 
mg/m2) in decalin. Symbols are: 
 Φ = 0.06 
 Φ = 0.08 
 Φ = 0.09 
 Φ = 0.10 
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Figure A18: The dependence of viscosity versus shear rate representing the shear thinning 
behaviour of carbon black dispersions of different volume fraction using Hypermer B246 (1.8 
mg/m2) in xylene. Symbols are: 
        Φ = 0.05 
+     Φ = 0.06 
        Φ = 0.08 
        Φ = 0.09 
◊     Φ = 0.10 
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Figure A19: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using Triton X405 
(3.6 mg/m2). Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A20: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using Triton X100 
(2.6 mg/m2). Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A21: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using NPE 1800 (3.8 
mg/m2). Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A22: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using SDS (0.43 
mg/m2). Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A23: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using SDBS (0.59 
mg/m2). Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A24: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using OLOA 11000 
(2.8 mg/m2) in decalin. Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A25: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using Hypermer B246 
(2.0 mg/m2) in decalin. Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A26: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using OLOA 11000 
(3.0 mg/m2) in xylene. Symbols are: 
 Low shear rate  
 High shear rate 
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Figure A27: Core volume fraction versus (ηr)-1/[η]Φp at low and high shear rates using Hypermer B246 
(1.8 mg/m2) in xylene. Symbols are: 
 Low shear rate 
 High shear rate 
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Figure A28: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using Triton X100 (2.6 mg/m2) versus the frequency at different volume 
fractions. Symbols are: 
         Storage modulus, volume fraction 0.16;             □     Loss modulus volume fraction 0.16 
         Storage modulus, volume fraction 0.155;                 ∆  Loss modulus volume fraction 0.155 
        Storage modulus, volume fraction 0.14;              ○     Loss modulus volume fraction 0.14 
        Storage modulus, volume fraction 0.10;              ◊      Loss modulus volume fraction 0.10 
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Figure A29: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using NPE1800 (3.8 mg/m2) versus the frequency at different volume 
fractions. Symbols are: 
        Storage modulus, volume fraction 0.144;     □       Loss modulus volume fraction 0.144 
        Storage modulus, volume fraction 0.138;     ∆   Loss modulus volume fraction 0.138 
        Storage modulus, volume fraction 0.11;       ○       Loss modulus volume fraction 0.11 
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Figure A30: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using Lugalvan BNO12 (3.9 mg/m2) versus the frequency at different 
volume fractions. Symbols are: 
        Storage modulus, volume fraction 0.183;      □       Loss modulus volume fraction 0.183 
        Storage modulus, volume fraction 0.177;      ∆   Loss modulus volume fraction 0.177 
        Storage modulus, volume fraction 0.16;        ○       Loss modulus volume fraction 0.16 
        Storage modulus, volume fraction 0.138;      ◊        Loss modulus volume fraction 0.138 
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Figure A31: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using PE/F 103 (1.1 mg/m2) versus the frequency at different volume 
fractions. Symbols are: 
          Storage modulus, volume fraction 0.05;       □      Loss modulus volume fraction 0.05 
          Storage modulus, volume fraction 0.038;     ∆   Loss modulus volume fraction 0.038 
          Storage modulus, volume fraction 0.02;       ○       Loss modulus volume fraction 0.02 
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Figure A32: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using PE/F 108 (1.8 mg/m2) versus the frequency at different volume 
fractions. Symbols are: 
        Storage modulus, volume fraction 0.066;        □     Loss modulus volume fraction 0.066 
        Storage modulus, volume fraction 0.055;        ∆  Loss modulus volume fraction 0.055 
        Storage modulus, volume fraction 0.033;        ○     Loss modulus volume fraction 0.033 
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Figure A33: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using OLOA 11000 (3.0 mg/m2) versus the frequency at different volume 
fractions in xylene. Symbols are: 
         Storage modulus, volume fraction 0.12;        □      Loss modulus volume fraction 0.12 
         Storage modulus, volume fraction 0.11;        ∆   Loss modulus volume fraction 0.11 
         Storage modulus, volume fraction 0.10;        ○      Loss modulus volume fraction 0.10 
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Figure A34: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using Hypermer B246 (1.8 mg/m2) versus the frequency at different 
volume fractions in xylene. Symbols are: 
          Storage modulus, volume fraction 0.127;     □     Loss modulus volume fraction 0.127 
          Storage modulus, volume fraction 0.11;       ∆  Loss modulus volume fraction 0.11 
          Storage modulus, volume fraction 0.10;       ○     Loss modulus volume fraction 0.10 
          Storage modulus, volume fraction 0.055;     ◊     Loss modulus volume fraction 0.055 
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Figure A35: Storage modulus, solid symbols and loss modulus, open symbols of carbon black 
(Monarch 1000) dispersion using Hypermer LP1 (0.61 mg/m2) versus the frequency at different 
volume fractions in xylene. Symbols are: 
         Storage modulus, volume fraction 0.033;       □      Loss modulus volume fraction 0.033 
         Storage modulus, volume fraction 0.027;       ∆   Loss modulus volume fraction 0.027 
         Storage modulus, volume fraction 0.017;       ○       Loss modulus volume fraction 0.017 
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Figure A36: Core volume fraction versus (G’)-0.5 using different polymers. Symbols are: 
 Triton X100 (2.8 mg/m2).                  NPE 1800 (3.8 mg/m2).  
 Triton X405 (3.6 mg/m2).               LugalvanBNO12(3.9mg/m2). 
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Figure A37: Core volume fraction versus (G’)-0.5 using different polymers in xylene. Symbols are: 
          Hypermer B246 (1.8 mg/m2). .  
 OLOA 11000 (3.0 mg/m2).  
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Figure A38: Force distance interaction profile between carbon black particle and carbon surface in 
water.  
■   For approach 
□   For separation 
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Figure A39: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of PE/F 103 in water. 
■   For approach 
□   For separation 
-0.01
0.09
0.19
0.29
0.39
0 5 10 15 20 25 30 35 40
Separation (nm)
F/
pi
R
 
(m
N
/m
)
 
Figure A40: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of PE/F 108 in water. 
■   For approach 
□   For separation 
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Figure A41: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of Triton X100 in water. 
■   For approach 
□   For separation 
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Figure A42: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of Triton X405 in water. 
■   For approach 
□   For separation 
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Figure A43: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of NPE 1800 in water. 
■   For approach 
□   For separation 
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Figure A44: Force distance interaction profile between carbon black particle and carbon surface 
bearing an adsorbed layer of Lugalvan BNO12 in water. 
■   For approach 
□   For separation 
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Figure A45: Force distance interaction profile between bare carbon black particle and carbon surface 
in decalin. 
■        For approach 
□        For separation 
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Figure A46: Force distance interaction profile between bare carbon black particle and carbon surface 
bearing an adsorbed layer of Hypermer LP1 in decalin. 
■   For approach 
□   For separation 
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Figure A47: Force distance interaction profile between bare carbon black particle and carbon surface 
bearing an adsorbed layer of Hypermer B246 in decalin. 
■   For approach 
□   For separation 
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Figure A48: Force distance interaction profile between bare carbon black particle and carbon surface 
bearing an adsorbed layer of OLOA 11000 in decalin. 
■        For approach 
□        For separation 
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